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ABSTRACT
HARMONIC MANAGEMENT OF TRANSMISSION AND
DISTRIBUTION SYSTEMS
This thesis is concerned with some important aspects of harmonic
management in a multi-voltage level power system including transmission,
sub-transmission and distribution levels.

In the work presented both

deterministic and statistical approaches for harmonic analysis have been
used. Investigations have been m a d e both in Time and Frequency Domains.
An already available computer simulation program in Time Domain has been
used to derive frequency domain models of distribution feeders with
composite loads. A Frequency Domain computer program has been modified
to give the statistical data of harmonic voltage distortion levels of a large
power system.

The thesis examines some of the fundamental assumptions used in harmonic
analysis with the aid of a Time Domain simulation program. In harmonic
analysis two of the commonly m a d e assumptions are:

(i) harmonic sources are represented with ideal ac current sources having
equal phase angles,
(ii)

non-distorting loads are represented with constant impedances.

The thesis also discusses the harmonic current distortion level of distribut
feeders with different load categories (e.g., residential, commercial and

industrial) based on measurements data. This data is used for modelling of
harmonic sources in Frequency Domain computer program.

The major harmonic management questions addressed in this thesis are:

(i) setting of limits for harmonic voltage distortion at different voltage
levels, and

(ii) the determination of the maximum permissible sizes of several new
distorting loads.

Existing harmonic standards give a different limit for each voltage level. If
these limits are not well co-ordinated then there will be unnecessary
restrictions on harmonic injection by distorting loads. A computer-based
technique which can be used to investigate this problem has been developed.
The approach is statistical in nature and it accounts for variations in the Space
Domain (at different busbars in the system), the Time Domain (with different
capacitor connections and line outages) and combinations of both
Time/Space Domain.

Variation of the statistical data with respect to the voltage level is investig
and the suitability of the 9 5 % confidence level for assessment of the harmonic
voltage distortion level at each voltage level is discussed. In addition, the
probability distribution as affected by the strength of the power system is
investigated. Histograms and probability distribution curves are used to find
the best statistics for describing the harmonic voltage distribution. The effect of
distorting loads in different parts of a power system on the harmonic distortion
levels in a particular subsystem is also investigated.

With existing harmonic management techniques, there is no guarantee that,
after connection of a n e w distorting load, the harmonic voltage distortion level
remains within limits at all voltage levels. O n the other hand there is no method
to determine the permissible size of several n e w distorting loads which can be
connected at different voltage levels and locations simultaneously.

Two

techniques which use constrained and unconstrained non-linear optimization
program have been developed to overcome the above restrictions. These
techniques have been applied to a typical power system to demonstrate their
application. T h e effect of non-distorting loads and system capacitance is
discussed. The effect of the harmonic voltage limit at different voltage levels on
the m a x i m u m permissible harmonic current injection is also investigated.
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CHAPTER 1
INTRODUCTION

1.1.

O V E R V I E W O F H A R M O N I C S IN P O W E R

SYSTEMS

There are substantial increases in harmonics on the distribution system du
the increased use of power electronic devices. The switching characteristic of
these loads generates harmonic currents which adversely affect the
performance of electrical equipment. The most c o m m o n is a three phase full
wave rectifier for converting power from ac to dc. This usually generates
harmonics of the order of 6n±1 (where n=1,2,3,...) on the ac side.

Today there is a greater concern for harmonics in power systems than ever
because:

(i) There is an increase in power electronic loads.
(ii)

There is a greater sensitivity of power system loads to harmonics
(computers, microcontrollers)

(iii)

There are moves to review harmonic standards[1-4].

(iv)

There is a more critical approach to equipment design[5].

The increase in power electronic loads is due to their advantages such as
increased energy efficiency and controllability. As the cost of the power
electronic devices decreases, their application will increase. The main power
electronic loads which generate harmonics are variable speed A C and D C
drives[6-9], energy efficient lighting lamps, uninterruptible power supplies,
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computer power supplies and battery chargers[10-12]. For example, standard
industrial variable speed drives use the dc or induction motor with thyristor or
rectifier respectively. The converters which produce a high frequency supply
will b e c o m e more c o m m o n to be used for lighting systems due to energy
efficiency issues.

The harmonic current drawn from the power system by distorting loads causes
high frequency voltage drops which affect the voltage waveform of other
customers. The adverse effects of harmonics on power system equipment are
well known. These include[13-17]:

(i) Damage to distribution equipment such as capacitor banks and
cables due to overloading (thermal stress) or overvoltage (insulation
stress).
(ii)

Excessive losses in motors and transformers.

(ii)

Disturbances to electronic control equipment, computers and
converter firing circuits.

(iii)

Malfunction of protection relays and fuses.

(iv)

Errors in electrical energy metering.

(v)

Interference with communication circuits.

With the increased importance of harmonics, the need for investigation in
various areas of harmonics has emerged. These include, investigation on
harmonic standard limits, harmonic management, development of n e w
techniques for harmonic calculation and modelling of harmonic sources.
Following is a brief description of s o m e of unsolved problems in these areas.
A detailed discussion will be discussed later on.
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Existing harmonic standards give a different limit for each voltage category.
these limits are not well coordinated then there will be unnecessary restriction
of harmonic injection. The proper coordination of voltage limits is difficult to
investigate experimentally since it would

require widespread

and

simultaneous data logging. It is desirable to develop a computer-based
technique which can be used to investigate this type of the problem. The
technique should evaluate the variation of harmonic voltage distortion levels
due to all system capacitor combinations at all buses and all possible line
outages. Consequently the approach should be statistical and account for
variations in the Space Domain (at different busbars in the system), Time
Domain (at specified bus and with different system configurations) and
combination of Space/Time Domain

(at all buses for all system

configurations).

With existing harmonic management, there is no guarantee that after
connection of a n e w distorting load, the harmonic voltage distortion level
remains within limits at all voltage levels. O n the other hand for any new
distorting load, separate calculations should be performed to determine the
size of the load. Based on these, it is desirable to develop a well defined
methodology to overcome the existing restrictions.

The existing computer programs are suitable for evaluations of the harmonic
voltage distortion level for a limited number of system configurations. A s a
result they have not been used to calculate the statistical data, histograms and
probability distribution curves due to all system capacitor combinations at all
buses and line outages.

The existing harmonic models for distorting loads in the frequency domain
computer program are only useful if one is interested to investigate the
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propagation of harmonics due to a particular harmonic source. They are not
suitable for calculation of the harmonic voltage distortion level in a large
power system with a large number of harmonic sources. This is because in
practice the location, type and the size of sources are unknown. O n e practical
method to overcome this problem is the representation of whole of the
distribution feeder with different load category by an ideal ac current source.

1.2 COMPUTER TECHNIQUES FOR HARMONIC ANALYSIS

In order to determine whether an installation will cause unacceptable
harmonic distortion levels, harmonic studies need to be carried out. To
evaluate the harmonic distortion level, m a n y computer techniques have been
developed. These techniques can be generally divided into deterministic and
probabilistic methods as follows:

1.2.1 Deterministic Technique

The deterministic techniques assume that all the problem data are available,
e.g. the magnitude and phase angle of harmonic sources are known.
Deterministic techniques include:

(i) Admittance Matrix Analysis (Frequency Domain)[18-21]
(ii)

Harmonic Power Flow[22-25]

(iii)

Time Domain[26-27]

(iv)

Hybrid Approach[28-30]

For any particular study one of these techniques can be applied. For
example, for accurate calculation of harmonic current generated by a
particular distorting load, the time domain approach has been used since the

Chapter 1: Introduction

5

effect of the voltage at the terminal of the distorting load on the generate
harmonic current can be investigated. The effect of the terminal voltage is
significant especially where there is high supply impedance. For propagation
of harmonics in a large power system, the frequency domain approach has
been used. A comparison of these techniques and their application can be
found in [31].

(i) Admittance Matrix Method

The frequency domain program is the most economical approach in terms of
calculation effort. It assumes a constant current representation for the
distorting load. It can be inaccurate when the converter A C bus voltage is
heavily distorted due to weak or resonance system conditions. Although in
this method the effect of D C side ripple current can be investigated, the results
have not been taken into account in most studies.

(ii) Harmonic Power Flow

The harmonic power flow as described in [22-24] is an extension of the
conventional Newton- Raphson power flow. Like others this technique can
solve balanced and unbalanced systems. It gives harmonic currents in
branches, total reactive power and distortion volt-amperes at the distorting
load buses in addition to harmonic voltage distortion levels. This data can be
used for design of filters and power factor correction. A major drawback of this
technique is its large and complicated Jacobian matrix which leads to
inefficiency in computation time. However, a method which has simpified the
Jacobian matrix has been proposed in [25]. Unlike the admittance matrix
method, the harmonic power flow doe not rely on the assumption of linear
superposition and the independence of harmonic injection current with bus
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voltage distortion. Convergence problems may exist for ill-conditioned i
data as with a load flow program. Difficulties m a y arise w h e n a harmonic
source excites a system resonance.

(iii) Time Domain Method

The time domain solution solves the system state differential equations

gives the most accurate solution. It is capable of accurate determination of the
resultant harmonic voltages and currents when several converters operate
simultaneously at different points of the network. It can adequately represent
the performance of the converter bridge, control system and converter load
dynamics. T h e main disadvantage of this technique is the requirement for
greater computing effort. Consequently it is restricted to with smaller systems
than Frequency Domain methods. Several programs have been developed to
analyze power system harmonics in the time domain such as Electromagnetic
Transient Program ( E M T P ) and Converter Harmonic Analysis in Power
System (CHAPS).

The EMTP program[26] is a general program for studying various phenomena
in power system such as switching surge overvoltages, electromagnetic
transients and harmonic analysis. For harmonic analysis restricted format
instructions should be used to enter the data input. The C H A P S program[27]
has been developed particularly for power system harmonic studies by time
domain solution. This program has a limited modelling capability, e.g. there

are no models of ac and dc motor loads. Furthermore, it lacks the facility to
perform additional processing of calculated results such as spectrum analysis,
R M S , peak and m e a n value calculations.

(iv)

Hybrid Method
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In the frequency domain technique it is assumed that harmonic sources can
be modelled with ideal harmonic current sources. With this assumption the
effect of the voltage at the converter bus terminal on the harmonic current
generated by a distorting load is neglected. To include this effect a technique
has been developed which employs a frequency domain analysis in
conjunction with the fundamental frequency load flow in an iterative
approach[28]. Given an initial estimate of the current waveforms of the
converter the harmonic bus voltages are determined from the system
admittance matrix equation [l=YV]. A new estimate of the current waveform is
obtained from the n e w bus voltages including the harmonic voltages. This
cycle is repeated until convergence in the magnitude of the harmonic voltages
on all nodes in the power system is obtained. Another Hybrid method which
uses time and frequency domain has been discussed in [29]. In this method
harmonic current and voltage is obtained in the time domain for several cycles
with an arbitrary initial condition, then, the periodicity condition is checked. If it
is not satisfied, the Newton algorithm is applied and n e w initial conditions are
found. After several iterations, the steady state waveform will be obtained.
Finally, a Fourier analysis is carried out and the harmonic spectra of the
voltage and current are calculated. A similar hybrid approach has also been
proposed in [30].

1.2.2 Probabilistic Techniques (Frequency Domain)

The deterministic techniques assume that the magnitude and phase angle of
harmonic sources are known. However, in reality, there are uncertainties in
input data due to changes of non-distorting loads, network configurations and
particularly operating m o d e s of distorting loads. O n e approach to take into
account of these uncertainties is to express them by m e a n s of random
variables and to apply probabilistic techniques. Probabilistic harmonic power
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flow techniques have been developed[32-37] with the assumption that the
magnitude and phase angle of harmonic sources vary randomly. However,
no attempt has been m a d e to calculate the statistical variation of harmonics
due to changes in network configurations such as capacitor combinations or
line outages.

To sum up, most existing computer programs are suitable for evaluations of
the harmonic voltage distortion level for a limited number of system
configurations. In most of these programs the data input should be entered
separately for each system configuration. S o m e of these programs allow to
evaluate harmonic voltage distortion levels with different capacitor
combinations only at the location of a particular distorting load [18].

The harmonic distortion level should be evaluated for an entire system base
on a distribution representing both the time and space variations in the
disturbance. Consequently one should investigate variation of loads, every
combination of the capacitor connection at all system buses and line outage
which would occur at least once per year.

1.3 HARMONIC MODELLING OF POWER SYSTEM EQUIPMENT

There are several proposals for harmonic modelling of power system
equipment such as transformers, transmission lines, distorting and nondistorting loads[38-40].

A simple model of a transformer can be used without sufficient loss of
accuracy. Transformer impedance can be considered as a linear function of
the frequency (L constant) for the frequency range of interest in harmonic
studies (usually less than 3KHZ).
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Transmission lines are modelled as a nominal pi model in which the
resistance and the inductive reactance form the series impedance, and the
conductance and capacitive reactance form the shunt admittance. At high
harmonic frequencies, however, skin effect tends to affect the resistance and
the internal inductance. Under such condition the resistance and the internal
inductance are non-linear function of frequency.

Generators can be modelled by a shunt impedance at the generator terminals
The equivalent shunt reactance at each harmonic frequency is obtained from
the subtransient inductance for positive or negative-sequence. The zero
sequence inductance is not usually needed because of Y - A step up
generator transformer. This is most commonly used as generator transformer.

The non-distorting load can be modelled by an equivalent circuit of a shun
resistance in parallel with a shunt reactance according to the specified real
and reactive power or power factor [38].

More detailed models for power system equipment than the above simple
models can be found in [39,40]. For example, different models have been
proposed for non-distorting loads according to the type of the load. The
resistive and inductance of a composite load can be obtained from:
V 2 V2
R=—
P(l-K)
Where

P : Total MW demand
K : Motor fraction of the total M W

L=—
1.2KK.P

(1.1
v
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K1 : Pu starting current
V: System nominal voltage at fundamental frequency

Factors K and K1 assume different values based on the load category (e.g.,
domestic, commercial and industrial loads)

Detailed modelling for transformers, synchronous machines, induction motor
and transmission lines have also been discussed in [39].

For harmonic modelling of distorting loads both probabilistic and determi
models have been proposed [38-46]. For deterministic models harmonic
sources are represented as ideal current sources at the point of c o m m o n
coupling.

In most frequency domain computer programs the harmonic

sources are modelled as a table of values. For example the magnitude of
individual harmonic current distortion level (%) of harmonic sources such as
A C / D C converters, arc furnaces and so on have been calculated for up to the
25th or sometimes to the 40th harmonic and then represented by ideal current
sources at each harmonic.

Due to the uncertainties of the operating mode of distorting loads such as
variations of the firing angle of A C / D C converters, the harmonic current
generated by the distorting load varies. For this reason deterministic models
as mentioned above cannot be suitable for harmonic sources with a large
variations in operation mode. To obtain a more realistic model a probabilistic
model should be derived. For example the magnitude and the phase angle of
the harmonic source should be considered as random variables[32-37].
Several attempts have been m a d e to derive this type of model for A C / D C
converters based on test measurement data[11, 44-46].
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The existing proposed models for distorting and non-distorting loads are n
suitable for calculation of the statistical data of harmonic voltage distortion
levels in a large power system since for this type of study all of harmonic
current sources in the system should be modelled. However, in practice
modelling of all loads is impossible because the location, type and the size of
loads are unknown.

One practical method for harmonic analysis of a large power system with
m a n y different harmonic sources is the representation of distribution feeders

with different load category (residential, commercial and industrial) by an ideal

ac current source. To achieve this, it is necessary to obtain accurate harmonic
magnitude at the P C C by test measurements or by using computer technique
for modelling of the feeders.

Some attempts have been made to measure the harmonic current and voltage
distortion level of distribution feeders[47-53].

However in most test

measurements data, the load category of feeders are not known. In another
attempt harmonic modelling of distribution feeders with composite load has
been derived [54]. The method is based on the measurement of the harmonic
current and voltage distortion level at the P C C before and after a capacitor
switching at the P C C . This technique has been applied on limited distribution
feeders, consequently insufficient data has been given for modelling of
distribution feeders with different load categories.

1.4 HARMONIC STANDARDS

Harmonic standards are available to limit the harmonic distortion level at
PCC[1-4, 55-57]. The existing standards differ significantly from country to
country with respect to the permissible individual and total harmonic current

3 0009 03143374 6
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and voltage distortion levels. In some of them, limits have been assigned
to the harmonic voltage and in others both voltage and current limit have been
specified. The most recognized standards are:

IEEE Standard
IEC Standard
Standards Australia (lEAust)

Following is a brief description of these standards.

1.4.1 IEEE Standard[3]

In this standard the permissible harmonic voltage limit and the harmonic
current injection have been specified as shown in Tables I and II respectively.
T h e harmonic voltage limit decreases as the voltage level increases.
However, no detailed investigations have been m a d e to justify this. It is
suspected that the existing low voltage limit at H V will restrict unnecessary the
harmonic current injection at LV. In this standard the permissible harmonic
current injection increases as the short-circuit ratio increases (ISC/'1 )• Where
ISC

is

the fau't 'eve' at the Point of C o m m o n Coupling (PCC) and h is the

fundamental current of the feeder. Hence limits for even and odd harmonic
orders are the same. In addition no distinction has been m a d e for individual
harmonic order, e.g. the limit for the 5th and 7th harmonic order is the same.

1.4.2 Australian Standard[561

Australian standard specifies only the harmonic voltage limit as shown in
Table III. The limit is the s a m e for all harmonic orders except the even and
odd harmonics. The major drawback of this standard is that it specifies only
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harmonic voltage distortion level and this may lead to higher discrimina
between different customers as compared with IEEE standard. This is
because the harmonic voltage limit depends on the system impedance at the
PCC.

1.4.3 IEC Standard[4]

Table IV shows the harmonic voltage limit for this standard. Contrary to
standards the limit varies according to each harmonic order. At higher order
harmonics, the permissible limit is smaller than the limit at lower order
harmonic. In this standard like Australian standard only harmonic voltage limit
has been specified.

In these standards, limits have been set arbitrarily without considering
complexity of the situation involving the generation, propagation, interaction,
and the amplification of harmonics.

In particular no method has been

developed to coordinate limits at different voltage levels. It is suspected that
the existing limits at high voltage levels restrict unnecessarily the permissible
harmonic current injection at low voltage levels.

Generally five conditions are necessary for the establishment of a suitab
harmonic standard [1].

(i) It should adequately take into account the complexity of harmonic
phenomena.

(ii) It must be flexible to accommodate varying conditions and different
networks.
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Table I : IEEE Harmonic Standard (harmonic current distortion in % )

•sc/h

h<11

11<h<22

23<h<35

h>35

THD

<20

4

1.5

1

0.5

5

20-49

7

2.5

1.5

0.8

8

50-99

10

4

2

1.2

12

100-999

12

5

2.5

1.5

15

>1000

15

8

4

1.8

20

THD

-

•

-

.

.

Table II : IEEE Harmonic Standard (harmonic voltage distortion in % )

voltage

2.3-68 KV

69-138 KV

>138KV

individual

3

1.5

1

THD

5

2.5

1.5

Table III : Australian Harmonic Standard

Individual

harmonic

voltage

distortion(%)

odd

even

5

4

2

type-of

Voltage level THD-of

supply

(KV)

Voltage (%)

system
distribution

up-to

level

including 33

trans -subtra

22,33,66

3

2

1

132&above

1.5

1
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Table IV : IEC Harmonic Standard (limits for harmonic voltage in % of the
rated mains frequency voltage for LV, MV, H V and EHV)

odd

h

harm- non-

odd

harm- multi

multi

of 3

of 3

harm-

volt(%) h

harm

even

volt(%) h

harm

harm

volt(%)

LV-MV HV-

LV-MV HV-

LV-MV HV-

EHV

EHV

EHV

5

6

2

3

5

2

2

2

1.5

7

5

2

9

1.5

1

4

1

1

11

3.5

1.5

15

0.3

0.3

6

0.5

0.5

13

3

1.5

21

0.2

0.2

8

0.5

0.2

17

2

1

>21

0.2

0.2

10

0.5

0.2

19

1.5

1

12

0.2

0.2

23

1.5

0.7

>12

0.2

0.2

25

1.5

0.7

>25

0.2+

0-2+

0.5*25 0.5*25
/h

/h

T H D = 8 % for LV-MV, T H D = 3 % for HV-EHV
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It should comply with specified compatibility and immunity level of
equipment for proper operation of power system equipment and
loads.

(iv)

It must be simple to apply and to understand.

(v)

Finally it should be based on a well defined methodology.

To achieve some of the above objectives a method based on a Transfer
Coefficient Matrix has been developed to give the permissible harmonic
voltage distortion level at each voltage level and the effect of limits on the
permissible values [58, 59]. It establishes simple relationships between the
disturbance introduced at one voltage level on the voltage distortion level in
other levels. However the method m a k e s o m e assumptions which cannot be
correct for all circumstances. For example, the effect of the phase shift due to
the network is neglected. In addition the method is very complicated to
implement on a large power system.

1.5 HARMONIC MANAGEMENT IN POWER SYSTEMS

Harmonic management determines the permissible size of distorting load
which can be connected to the system. The permissible size depends on the
harmonic limits as specified in different standards. Various approaches have
been used for harmonic management.

Following are a s u m m a r y of

techniques as proposed in N e w Zealand, IEEE and IEC standards.
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1.5.1 New Zealand Standard [60]

In this standard, the consumer harmonic allowance is proportional to t
consumer maximum apparent power and is obtained from:

Hc = ^

(1.2)

Where: Sc is the consumer's maximum demand in K V A and S is the rating of
the P C C in KVA.

In addition the maximum total installation of a distorting load is obt

Un = ^ -

(1.3)

Where

n=harmonic order
F=3 phase short circuit level at P C C in K V A
Kn=The nth harmonic current as a percentage of the full load current
Si_= Consumer full load rating in K V A
U n = nth harmonic voltage (phase to neutral) in percent

If the

THD(UT)

restricts the limit more than the individual harmonic lim

the maximum size of the converter is obtained from:

UT=

^

n

t

(1.4)
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1.5.2 Australian Standard [561

In these standards the problem of acceptance of distorting loads is consider
in three stages according to the size and type of equipment as follows:

Stage 1: deals with a small size of load. For example equipment which does
not exceed 75 K V A for a secondary distribution system or 500 K V A for a
primary distribution system. Under this condition there is no requirement for
measurement or calculation.

Stage 2: The basic requirement of this stage is that by connecting the load,
existing voltage distortion level does not exceed 7 5 % of limits as assigned in
standards. In addition the background voltage should not exceed specified
values. The short circuit level should not also be low.

Stage 3 : It requires the detailed calculation of the harmonic voltage disto
level that will occur at any point on the network due to connection of the new
distorting load. The obtained harmonic voltage should not exceed the limit as
specified in the standard.

For this stage, knowledge of the background

voltage distortion is required.

1.5.3 IEEE Standard^!

In this standard the permissible harmonic current injection into the system
depends on the short circuit ratio of the consumer at the P C C . Table I in
Section 1.4.1 shows the permissible level at different voltage levels.
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1.5.4 IEC Standard [4.611

In the IEC standard the allowance of the harmonic current injection by eac
consumer is based on the ratio between his agreed power (Pj) and the total
supply capability (Pt) of the considered subsystem. Such a criteria is based
on the fact that the agreed power of a consumer is linked with its share in the
investment costs of the power system. O n the other hand, for each single
consumer, only a part of the global emission limits will be allowed. Based on
these facts, the permissible harmonic voltage and current for individual
distorting load is obtained from:

Pi a ]
[G n s (^)
(En), =

K
(1-5)

Where

(En)i= acceptable harmonic emission level of consumer i at harmonic order n
G n s = m a x i m u m global contribution of the local loads to the nth harmonic
voltage distortion level in the sub-system
Pj= agreed power of consumer i
Pt= total supply capability of the considered sub-system
a= a constant factor which depends on random varying of the magnitude and
phase angle of the harmonic voltage(a=1 for low order harmonic)
(•n)i= acceptable harmonic current emission level of consumer i at harmonic
order n.
Zn= frequency dependent of the network impedance.
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K= Diversity factor

The diversity factor depends on the type of the load. For example for rectif
k=0.9(no control), K=0.75 (control), K=0.3 for light dimmers, k=0.5 for washing
machines.

In this standard the effect of the summation law[62] has been included. For
example the effect of the phase angle of different distorting loads on the total
harmonic voltage distortion level has been taken into account.

With the existing harmonic management, it is not possible to obtain the
permissible size of several n e w distorting loads which can be connected at
different voltage levels and locations simultaneously. It does not consider the
interaction between the existing sources and the new source. In addition it is
possible w h e n the n e w load is connected, the harmonic voltage distortion
level at other voltage levels exceeds limits. Furthermore, for harmonic
m a n a g e m e n t for long term planning, it is useful to know the permissible
harmonic current injection level at each voltage level and to identify the weak
and strong points of systems. Based on these, it is desirable to develop a well
defined methodology to overcome the existing restrictions.

The above literature review regarding the harmonic analysis techniques,
modelling, harmonic standard and m a n a g e m e n t shows that there are still
m a n y unsolved problems or incomplete investigations in these area. The
future challenges for harmonic investigation will be in the area of harmonic
standards and management. The appearance of n e w standards in recent
years s h o w that the problem is becoming widely recognized and an
international agreement m a y be reached in near future.
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1.6 THE OBJECTIVES AND CONTRIBUTIONS OF THE THESIS

The main objectives of this thesis lie in the assessment of the suitabili
existing harmonic limits as assigned in different standards, improvement of the
existing harmonic management of a power system and proposal of solutions
to s o m e of existing problems in power system harmonics. T o achieve this aim
both deterministic and probabilistic techniques for harmonic analysis have
been adopted. In addition the investigations have been m a d e both in time
and frequency domains. The time domain analysis have been m a d e to derive
harmonic modelling of distribution feeder for incorporation into the frequency
domain computer program. The frequency domain analysis have been m a d e
to calculate the statistical data of the harmonic voltage distortion level due to
all system capacitor combinations and line outages.

The particular problems which have been addressed are:

(i) Evaluation of the existing harmonic limits as assigned in different
standard based on the statistical data in time and space domain

(ii) Development of an efficient frequency domain computer technique for
statistical evaluation of the harmonic voltage distortion level

(iii) Development and application of a new time domain computer
technique which is more user-friendly than existing ones for
harmonic modelling of distribution feeders.

(iv) Investigation on the effect of limits at various voltage levels on t
permissible harmonic current injection.(coordination of harmonic
voltage limits at different voltage levels).
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(v) Effective harmonic management in power systems. For example,
development of techniques which gives the permissible harmonic
current distortion level at each voltage level and maximum permissible
sizes of several distorting loads simultaneously.

(vi) Harmonic modelling of distribution feeders with different load
categories (e.g., residential, commercial and industrial) for
incorporation into the frequency domain computer program. The
models should be useful for evaluation of harmonic distortion level of a
large power system with a large number of distorting and non-distorting
loads.

(vii) Investigation of the accuracy of the modelling of harmonic sources
with ideal ac current sources with equal phase angle in frequency
domain computer programs.

For time domain analysis a power electronic simulation program (PES) has
been used. The thesis discuses the validation of this technique for harmonic
analysis by comparison with other techniques. P E S is a new technique for
analyzing harmonics of a system with a limited number of distorting loads [6365]. There are several advantages of P E S over other existing programs. The
circuit input is by m e a n s of a circuit schematic drawn on the screen. The builtin models gives a lot of flexibility in constructing models for complex devices.

For frequency domain analysis, a computer program [66] has been modified to
give the statistical data of the harmonic voltage distortion level in a large
power system. Computer studies as described in this thesis are able to give
the statistical data for a much greater number of locations over different
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system conditions than is feasible by the existing program [17-21].
Consequently from the obtained results the level of the harmonic voltage
distortion level can be assessed more reasonably than with the existing
conventional methods.

1.7. PLAN OF THE THESIS

A summary of the topics covered in each Chapter is given below.

Chapter 2 discusses the application of the program PES for harmonic
analyses of distribution feeders[67]. In this Chapter the accuracy of the
simulator for harmonic analysis is validated by comparison with other
techniques. Particular attention is paid to converter and three phase ac motor
loads. With confirmed accuracy, P E S is used for study of harmonics in
distribution networks as discussed in the next Chapter.

Chapter 3 is concerned with a study of the interaction between harmonic
sources and other loads on a typical distribution feeder and the power system
using PES[68].

An investigation is m a d e of various load compositions

involving converter, three phase induction motor and constant impedance
loads. A mathematical model for frequency domain studies is developed
which represents a distribution feeder with a composite load containing
varying proportions of all three loads by a single ideal current source. The
model allows an accurate representation of distribution feeders in existing
computer programs with high efficiency in computation time.

The results of this Chapter is used to develop models for distorting and
distorting loads in the frequency domain computer program as discussed in
the next Chapter.
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Chapter 4 deals with frequency domain harmonic modelling of distribution
feeders[69,70]. A Norton type equivalent circuit is obtained for a range of
composite loads by m e a n s of an optimization procedure. T w o forms of
harmonic models are proposed for distribution feeders. In the first model, the
feeder is represented by a harmonic current source in parallel with an
impedance. In the second model, it is represented by harmonic current
source alone. For each model, mathematical expressions have been derived
for the variation of harmonic quantities up to the twenty fifth. The models have
been derived for incorporation into the future frequency domain harmonic
analysis program. The use of these models will reduce the labour of setting
up load models where the program has the facility to use a mathematical
model. T h e simplicity of the models allows large studies involving m a n y
simultaneous harmonic sources to be run easily. In addition the advantage of
these models is that the existing time consuming method for entering the
values for all the harmonics is avoided.

Chapter 5 deals with the accuracy of the representation of harmonic
sources by ideal current sources and equal phase angles. This assumption is
investigated firstly for representation of the loads on the one distribution
feeder and secondly for distribution feeders in different subsystems. For the
first case the accuracy of the assumption of equal phase angle for each
harmonic order is obtained. For this purpose the effect of the factors such as
the system impedance and sizes of the rectifiers is investigated. For the
second case the required phase angle of the ideal current source for
representation of the distribution feeder is proposed. T h e results of this
Chapter is used for harmonic modelling of distribution feeders in frequency
domain computer program as used for statistical calculation of the harmonic
voltage distortion levels.

2_4
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Chapter 6 is concerned with the propagation of harmonics in a multivoltage level power system and the calculation of equivalent power system
impedance[71]. In this Chapter the harmonic distortion level of an illustrative
power system is investigated using a frequency domain computer program.
The variation of harmonic voltage and impedance with respect to network
conditions such as line outages and system capacitance connection is
obtained. Various types of systems such as weak or strong are considered.
The computer program allows the calculation of harmonic voltage and
impedance for different capacitor combinations and line outages. Data such
as the m a x i m u m harmonic voltage for each combination, the number of
occurrences of the maximum, minimum and mean value of the harmonic
voltage distortion are given. The data can be used to give the probability
distribution curve for harmonic voltage distortion.

In this Chapter conditions at different voltage levels where the equivalen
power system cannot be represented by a Thevenin impedance as derived
from short circuit studies are also investigated.

Chapter 7 is concerned with harmonic distortion level on distribution
feeders for residential, commercial and industrial load categories. The aim is
to derive a model for distribution feeders for harmonic analysis computer
programs. For this a summary of the results of more than 1000 test
measurements as performed by different utilities is given. In addition the
result of test measurements of different feeders with different load categories
as measured in the local lllawara Electricity distribution network is given.
Based on the test results, the harmonic current distortion level for three
classes of load are recommended for computer modelling of distribution
feeders. In addition a technique is proposed to give harmonic current
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distortion level of feeders with mixed load categories. The results of this
Chapter are used for harmonic modelling of distribution feeders in the
computer program as discussed in the next Chapter.

Chapters 8, 9 deals with the statistical assessment of the harmonic
voltage distortion level of a large interconnected power system[72]. The
original object is the assessment of the existing harmonic management and
the adequacy of the existing harmonic voltage limits at different voltage levels
in power system. This assessment is necessary since it is suspected that the
limits at different voltage levels are not well coordinated and as a result there
will be unnecessary restriction of harmonic injection. To achieve this aim the
evaluation of the harmonic voltage level of an illustrative power system has
been based on the statistical variation associated with different system
conditions and locations. This represents a distribution both in Time and
Space Domains. For this purpose a computer program has been modified for
calculation of the harmonic voltage level and the statistical data.

These Chapters consist of two Parts. In Part I, the application of the compu
program to obtain the statistical data for different domains and a particular
system is discussed. Histogram and cumulative curve are used to find the
best statistics for describing the harmonic voltage distribution. The magnitude
and shape of the harmonic voltage distribution for different domains at various
voltage levels is discussed.

The effect of capacitor combinations and line outages on the harmonic voltag
distortion level is investigated and a comparison is m a d e between them.
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Due to the uncertainty of the size and type of the distorting loads, sensitiv
analysis has been performed to find the effect of the individual current
distortion level and the proportion of each load category on the statistical data.

In Part II, it is investigated how the magnitude and shape of the harmonic
voltage distribution depends on the strength of the subsystem and system
loading conditions. For this purpose the variation of the magnitude and
distribution for weak, strong, rural and city subsystems in the Time and Space
Domains is obtained. A comparison is m a d e between different subsystems
and the c o m m o n characteristics are found. The statistical data at peak and
light load conditions are compared and the worst condition is identified. In
addition, the statistical data for the harmonic voltage distortion level at the load
points in the transmission system (330KV) is obtained.

Variation of the statistical data and distribution with respect to the voltag
is obtained and suitability of the 9 5 % level for assessment of the harmonic
voltage distortion level at each voltage level is discussed.

For different subsystems, the effect of the various harmonic current sources
the harmonic voltage distortion level is obtained. This includes the effect of
harmonic sources within the subsystem and in the rest of the system
propagating through the transmission system.

The obtained results allow the comparison between the harmonic voltage
distortion level ( 9 5 % level) and the compatibility levels to be m a d e accurately.

A comparison is made between 95% level of the harmonic voltage distortion
level as obtained from statistical data and A S 2279 and IEEE Standard limits.
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Recommendations are made regarding the existing harmonic voltage limits at
different voltage levels.

Chapters 10, 11 is concerned with proposal of new techniques for
harmonic management in power systems. In this Chapter, two deterministic
techniques are developed to give the m a x i m u m size of several distorting
loads which can be connected at different voltage levels and locations
simultaneously. The effect of the harmonic voltage limit at different voltage
levels on the m a x i m u m permissible harmonic current injection at each voltage
level is also investigated . These Chapters also consist of two parts. In Part I,
the state of the system is formulated by a set of non-linear equations. The
equations are formulated to be solved by a Newton-Raphson technique. In
Part II, the state of the system is formulated for a non-linear maximization
program with equality and inequality constraints. O n e of the constraint is the
harmonic voltage level at system buses which should be less than limits as
assigned in Standards. The equality constraints are the relationship between
harmonic currents and voltages at system nodes through system harmonic
impedance. The objective function is defined as the s u m of the harmonic
current sources injected at selected buses.

The proposed techniques are applied on a typical meshed network to verify
their practicality. The effect of the harmonic voltage limit at each voltage level
on permissible harmonic current injections are investigated. The effect of nondistorting loads and system capacitance is also discussed. A comparison is
m a d e between the two techniques and advantages and disadvantages of
each method is described. Finally the suitability of the proposed technique for
setting harmonic voltage limits at different voltage levels are discussed.

Chapter 12 is concerned with the main conclusions of the thesis.

CHAPTER 2
APPLICATION OF POWER ELECTRONIC SIMULATOR FOR TIME
DOMAIN ANALYSIS OF DISTRIBUTION NETWORK HARMONICS

2.1.

INTRODUCTION

In order to assess whether a particular installation will cause unacceptable
harmonic distortion and undesirable effects, detailed harmonic evaluation studies
need to be carried out. Several techniques as discussed in Chapter 1 have been
developed and applied for harmonic analysis in power systems [18-30].

In this Chapter a new technique for time domain analysis of harmonic is
described. Power Electronic Simulator (PES) is a simulation program originally
written to aid power electronic circuit design[63-65]. It gives a time domain
solution and has s o m e advantages over existing methods in harmonic studies. It
w a s originally developed to calculate circuits in which electronic devices are
used as switches giving waveforms which cannot be described by simple
differential equations and hence can be difficult to investigate. P E S has been
used to assist with the design and understanding of switched m o d e power
supplies, ac and dc motor drives, large electrochemical rectifiers and any other
circuit used for power conversion in which electronic devices are used as
switches. The main features of P E S are:
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(i)

It runs on almost any IBM-compatible personal computer.

(ii)

The circuit input is by m e a n s of a circuit schematic drawn on the screen
rather than by m e a n s of a table of values.

(iii)

Device parameters match available data sheet information.

(iv)

The built-in models have been chosen to give a lot of flexibility in
constructing models for complex devices. In practice, any device which
can be represented by an electrical equivalent circuit can be
represented in P E S .

(v)

A powerful subcircuit facility m a k e s it easy for the user to set up and
maintain a library of complex device models. Subcircuits can nest other
sub-circuits to the limit allowed by computer memory. A symbol editor
allows the user to create a unique symbol for each sub-circuit giving a
concise circuit representation.

(vi)

Numerical integration is performed by the Backward Euler method
which is slow but very stable for stiff systems having switching
transients with a wide range of time constants. The integration time
step is variable, ranging from large values when waveforms are
continuous to small values to locate switching instants accurately. The
user can set both the upper and lower bounds of the time step
according to the required compromise between running time and
accuracy.

(vii)

The output is shown on the screen graphically and can be processed
similarly to the output of a digital storage oscilloscope. A harmonic
spectrum facility is available.

(viii) T w o specified variables are displayed during the course of the
simulation and the user can judge if the simulation is processing as
expected. This allows an incorrect simulation set-up to be detected in
its early stages and terminated quickly.
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This Chapter discusses the application of the P E S for time domain analysis of
distribution network harmonics. The accuracy of the simulator is validated by
comparison with other techniques for both non-resonant and resonant
conditions. Converter and three phase ac motor loads are given particular
attention.

2.2 DEVICE AND CIRCUIT MODELS

Different device models are available in PES as described in Appendix A. F
harmonic analysis, following models are of most use: six pulse bridge rectifier,
three phase ac induction motor, transformers and passive elements (R, L, C).
S o m e details of these models have been given in Appendix B.

2.3 ACCURACY OF PES DEVICE MODELS

In this section the accuracy of relevant PES device models is investigated
The main aim is to demonstrate the correct functioning and accuracy of the
simulator by comparing the results with others techniques under various
system conditions.

Normal and resonance system conditions were

considered as follows:

(i) The variation of the harmonic current of a six pulse converter with
overlap is compared with Reference [73]
(ii)

The harmonic current and voltage of a six pulse rectifier connected to
the power system under normal and resonance system conditions in
both time and frequency domain are compared with Reference [27].

(iii)

Speed, torque and current of a three phase ac induction motor under
free acceleration w a s calculated and compared with Reference[74].
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2.3.1 Six Pulse Rectifier

2.3.1.1 Variation of Harmonic Current with Overlap Angle

The circuit of this test is shown in Figure 2.1. In order to obtain variable
overlap angle, the commutation inductance h is changed. The following
cases were investigated:

vl

Figure 2.1. Rectifier Test Circuit

Case (i): Firing angle = 0* h = 0, 0.5, 2 mH
C a s e (ii): Firing angle = 30* h = 0, 1, 2, 3, 4, 8 m H

T h e following relationship has been used in order to calculate the overlap
angle from the commutation inductance [75]:

,d= V5v p ^ a ^2Xs ( a + u ) )
C

Where:
V p = peak voltage of A C source (line-to-neutral)
Id = D C current
X c = commutating reactance

(1)
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a = firing angle
u = overlap angle

With the selected range of h as above, a range of overlap angle between 0
40' is obtained. The converter harmonic current for each overlap angle was
obtained from P E S using the post-processor spectrum analysis feature and
compared with Reference [73] giving the results shown in Figure 2.2. It is
observed that the error between the two methods is less than 1%.

1

-i

10

,

20

1

r

30

Overlap Angle (Degrees)

13th
X,

—r10

20

30

Overlap Angle (Degrees)

Figure 2.2. Harmonic Current Versus Overlap Angle
(a) o* Firing Angle, (b) 30' Firing Angle
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Harmonic Current and Voltage under Normal and
Resonance Conditions

In the second series of tests the harmonic current and voltage of a six p
rectifier under normal and resonance circuit conditions are investigated. The
obtained results are compared with Reference [27].

C a s e 1 : Normal System Condition

This case is similar to the previous case but the comparison is m a d e both in
time and frequency domains. For this case an ideal six pulse converter with a
purely inductive supply system impedance, balanced sinusoidal supply
voltages and equal delay angles has been considered. The D C circuit has a
back E M F load in series with finite inductance and resistance. Figure 2.3
shows the circuit for this case with relevant data.

I
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120
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Circuit Data
ea=1.414sin(314t), eb=1.414sin(314t-2«/3), ec=1.414sin(314t+2jt/3)
62=1.576, h=318u, cc=45\ n = 0 , r2=65.5m, l2=6.55m
(all values in p.u)
Figure 2.3. Normal System Condition Test Circuit
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Figure 2.4 shows the converter time domain current and voltage waveshapes
as determined with PES. The spectrum analysis feature gave the harmonic
components as shown in Table I. It is observed that the average error
between the two methods is less than 2 % .

2-4O.0H

Time (Seconds)

290.0M

Figure 2.4. Voltage and Current for Normal System Conditions
T A B L E I. Comparison of Harmonic Current Between P E S and Reference [27]
for Case 1, Normal System Condition

Program

Harmonic
PES
(%)

CHAPS
(%)

j
ERROR
(%)

1

100

100

0

5

23.54

23.25

1.2

10.01

10.39

3.8

11

8.82

8.83

0.11

13

5.96

5.94

0.33

17

5.35

5.34

0.2

19

4.01

4.03

0.5

23

3.7

3.73

0.8

7

j
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Case 2 : Resonant System Condition

A six pulse converter with a delta connected capacitor bank is studied. T
capacitor and distribution system are in parallel resonance at the 7th
harmonic. The supply system impedance is represented by an inductance in
series with a resistor. Figure 2.5 shows the circuit for this case with relevant
data. Figure 2.6 shows the converter current and voltage waveshapes as
obtained by P E S . Table II shows the harmonic current of converter as
obtained by P E S and Reference[27]. It is observed the average errors
- between the two techniques are within 15%. This error is due to sensitivity of

calculation to circuit parameters under resonance condition and practically it is
not significant.

Circuit Data
ea=1.414sin(314t), eb=1.414sin(314t-2ic/3), ec=1.414sin(314t+27c/3)

id=1.31, a = 1 0 \ ls=129.9u, rs=4.08m, rt=0.01, lt=318.3, C=530.5u, rd=1.6,
ld=30m
(all values in p.u)
Figure 2.5. Resonant System Condition Test Circuit
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3
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Figure 2.6(a). Current and Voltage in p.u at Converter Terminals for Case 2

Time (Seconas) _

Figure 2.6(b). System Current la in p.u
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4.a

220.

Time (Seconds)

Figure 2.6(c). Capacitor Voltage Vba in p.u

TABLE II. Comparison of Harmonic Current Between PES and Reference [27
For Case 2, Resonant System Condition

Program

Harmonic
PES
(%)

CHAPS
(%)

ERROR
(%)

1

96.56

96.56

0

5

25.2

19.14

20

7

119

105.9

12

11

2.75

3.4

20

13

1.82

1.67

8

17

0.69

0.46

30

19

0.34

0.22

30
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2.3.1.3 Accuracy Control for Integration

For each of the above time domain studies, the following numerical values
have been found to give sufficiently accurate results:

• Time interval of solution = 220 ms
• Minimum integration time step = 30 us
• M a x i m u m integration time step = 150 us

The 220 ms time interval is sufficient for damping the initial transient c
With above integration time step sufficient points are calculated to give
accurate spectrum analysis to at least the 25th harmonic.

2.3.1.4 Computation Time

The computation time for PES depends on the circuit configuration, the
chosen bounds for the integration time step and on the simulation time
required to reach a periodic steady state condition as well as on the computer
hardware. The total computation time for normal system condition is 5.5 min
and for resonance system condition is 12 min with the following computer
hardware:

• Machine: IBM-compatible PC
• Processor: 80386
• Coprocessor: 80387
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2.4.1 Three Phase T w o Pole Induction Motor

Very few references are available with sufficiently detailed results to a
validation of the induction motor model. A suitable one was found to be the
free acceleration as calculated in Reference[74]. The parameters of the motor
were converted to give the s a m e behavior on a 50 H z system as the
benchmark machine on a 60 H z system by rescaling the inductances. Motor
and load parameters are:

AC motor: rated power = 2,250 hp; Ri = R2 = 0.03 Q;
Li = M = 0.04 H; L2 = 0.042 H; f = 50 Hz
•

Mechanical load: constant torque = 0; Kd = 0; J = 16 Kg-m 2

Figure 2.7 shows the motor torque, speed and current under free accelerat
It is observed the behavior of the motor as obtained with P E S correlates well
with Reference [74] as shown in Figure 2.8. For example the motor reaches
the steady state after the same time for both cases.

Figure 2.7(a). Waveforms of Current and Speed for Free Acceleration of the
Induction Motor as Obtained by P E S

Chapter 2: Power Electronic Simulator

AL

Z O . O O to

- 2 0 . 0 a ic

Time (Seconds) „

3.son •

Figure 2.7(b). Waveforms of Torque for Free Acceleration of the Induction
Motor as Obtained by P E $ .
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Figure 2.8(a). Waveforms of Current and Speed for Free Acceleration of the
Induction Motor as Obtained in Reference [74]
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Figure 2.8(b). Waveforms of Torque for Free Acceleration of the Induction
Motor as Obtained in Reference [74]
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Computation Time and Accuracy Control of Integration for
Motor Simulation

For accurate simulation of three phase ac induction motor on PES the
following numerical values have been found to give sufficiently accurate
results:

• Total simulation time required to reach steady state = 3.5 s
• Minimum integration time step = 60 us
• M a x i m u m integration time step = 300 us

With the same computer hardware equipment as for six pulse rectifier, the t
computation time for free acceleration of motor is 15 min.

2.5 CONCLUSIONS

The features of Power Electronic Simulator (PES) and its application to
harmonic analysis of distribution networks by time domain solution has been
described.

Various devices including power semiconductor devices, rotating machines
and passive elements can be modelled by the simulator. In this chapter the
correct functioning and accuracy of the simulator with regard to harmonic
sources and other distribution equipment such as motors were verified. It w a s
found that the average time to reach steady state solution for typical industrial
six pulse rectifier and three phase ac induction motor would be 180 m s and 3
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sec respectively. The results obtained by the simulator correlate very well with
other techniques. This gives confidence in using this technique for study of
harmonics in distribution networks.

CHAPTER 3

INTERACTION BETWEEN HARMONIC SOURCES AND
POWER SYSTEM COMPONENTS

3.1

INTRODUCTION

There are substantial increases in harmonics on the distribution system due t
the increased use of power electronic devices. Most computer-based techniques
which have used to study this problem have relied on a frequency domain
solution [41-43]. In this Chapter a Power Electronic Simulator (PES) using a time
domain solution [63-65] is used to determine the harmonic waveforms for different
components of a distribution network. The time domain solution has several
advantages over frequency domain solution as follows:

(i) Few assumptions need to be made allowing an accurate determination of the
resultant harmonic voltage and current waveshapes.
(ii) Waveform parameters such as the peak voltage and current can be
determined directly. This will help to determine equipment overvoltage and
overcurrent under normal and resonance conditions.
(iii) It can be used to predict directly the operation of non-linear components such
as overcurrent relays or surge diverters which are best represented in the
time-domain.
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(iv) It provides m a x i m u m flexibility for studying abnormal system conditions
such as unbalanced operation.
(v) It can predict the interactions between different components of distribution
network such as the influence of the notching caused by one converter on
the operation of another.
The time domain approach has been used to investigate the harmonic
interaction between different load types. The load types selected were
converter, constant impedance and three-phase induction motor. "Constant
impedance load" is an expression used in load flow and stability studies for a
fixed R and series L. The term has carried over to harmonic studies although it
is misleading in this case.
Several representative load compositions were selected to allow general
trends to be seen clearly. The effects of these loads were first investigated for
a strong or normal power system and these results were used as the base
case. Further studies examined a weak power system and one with a parallel
resonance caused by a substation capacitor bank. In all of these studies the
power system as seen from the distribution level (e.g 13.8 KV) is represented
by its Thevenin impedance as determined from the fault level.
From a spectrum analysis of the waveshapes for the different load and system
combinations the following investigations were performed:

(i) The amount of harmonic absorption by the different load types was
determined. This will help to estimate equipment overheating due to
harmonic absorption.
(ii) The effect of different load categories on current and voltage distortion at
the point of c o m m o n coupling w a s determined.
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With frequency domain computer programs for harmonic analysis of
distribution feeders, different degrees of load modelling have been used[4143].

In most of cases non-distorting loads have been represented by a

constant R L load.

N o detailed studies have been m a d e with a direct

representation of three-phase induction motors. In this Chapter the effect of
representation of motor loads on harmonic current and voltage distortion
levels is investigated.

This Chapter investigates the representation of a composite load containin
varying proportions of all three load types (constant impedance, motor load
and converter) by a single ideal current source. The form of the representation
is found by a simple theoretical analysis whereas the parameters for the
model are found from simulation results. The model allows the representation
of a known load composition in even the most simple computer study.

3.2 INTERACTION BETWEEN HARMONIC SOURCES AND
DIFFERENT LOAD CATEGORIES

The distribution feeder selected is the example from Reference [3] as show
Figure 3.1. The power system is assumed to be balanced and is modelled by
its equivalent Thevenin model reactance derived from short circuit studies.
The equivalent system reactance is 0.544Q (0.0286 p.u.) equal to 15,000 A
fault level. This can be considered to be a normal, strong supply system as
the m a x i m u m total feeder load assumed is about 1 5 M V A at 13.8 kV (line to
line) or 628 A.

Chapter 3: Interaction Between Harmonic Sources and Power Systems 4 7
Bus 1 - 13.8 kV
350 M V A f.l.

Bus 2

line 1
JrYW.
x = 0.00476 p.u.

AA

Bus 3
line 2
iVY\_
x = 0.0238 p.u.
7.5 M V A
AA
transformer
x = 0.11 p.u.

5 MVA
5 R L load

5MW
converter

5 MVA
induction
motor

Figure 3.1. Single line diagram of distribution network (base quantities are
10MVA, 13.8 KV; all transformers identical)

Four different load compositions in varying proportions have been chosen as
follows:
A

1 0 M W converter and 5 M W converter

B

1 0 M V A constant impedance load and 5 M W converter

C

10MVA, three-phase induction motor and 5 M W converter

D

5 M W converter, 5 M V A three-phase induction motor and 5 M V A constant
impedance load.

Case A: Distribution Feeder with Multi-converter

In this case two converters are considered, one of 1 0 M W at bus 3 and one of
5 M W at bus 2. They are supplied from delta-delta transformers and have
equal firing angle of 30°. Figure 3.2(a) shows the waveshape of the current
and voltage at the P C C as calculated by PES. The spectrum calculation
facility of P E S gave harmonic current and the voltage of the feeder at the point
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of c o m m o n coupling (PCC) as shown in Table I. It is observed that harmonic
current distortion level at the P C C is nearly equal to the summation of
harmonic current of two converters. In addition the harmonic current level
generated by each converter is proportional to the size of the converter. Note
that P E S gives peak current and voltage values and the values in the tables
have to be divided by V2 to convert to rms values. This does not affect the
percentage values given.

<

a
3

120.0.

iao o»

time (seconds)

Figure 3.2(a). Current and voltage at P C C for two converters with a = 30'

>

u
CO

"o
>

time (seconds)
Figure 3.2(b). Current and voltage at P C C for two converters with a = 10'
and 30*
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Table I. Harmonic Current and Voltage for Case A: T w o Converters with
Equal Firing Angles of 30°

harmonic

lci:A(%)

lc2:A (%)

lp:A (%)

V P :KV (%)

1

344(100)

672 (100)

1000 (100)

19 (100)

5

69 (20)

133(19.8)

202 (19.7)

0.941 (4.9)

7

46 (13.4)

88(13.1)

134(13.2)

0.88 (4.6)

11

29 (8.5)

53 (7.8)

81 (8)

0.835 (4.4)

13

23 (6.6)

41(6)

63 (6.2)

0.773 (4)

17

17(4.9)

27(4)

43 (4.2)

0.685 (3.6)

19

14 (3.9)

21 (3.1)

34 (3.3)

0.615(3.2)

23

10(3)

14(2)

23 (2.2)

0.5 (2.6)

THD (%)

27.3

26.3

26.5

10.6

In order to find the effect of firing angle on harmonic level, the firing angle w a s
changed from 30° to 10° for both converters. T h e real power w a s kept
constant by adjustment of the dc load. The results are very similar to those
shown in Table I with s o m e reduction in harmonics at higher frequencies due
to the increase in overlap angle. The T H D for current and voltage decrease by
3.6% and 3.8% respectively at the P C C .

Figure 3.2(b) shows the feeder current and voltage waveshapes at the PCC
w h e n the two converters operate at different firing angles (10° for the
5 M W a n d 30° for the 1 0 M W converter). The different firing angles gives a
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current waveform somewhat like that of a twelve pulse system. Table II gives
the harmonic current and voltage of the feeder and shows that the T H D for
current and voltage reduces as compared with equal firing angle of 30°. The
reduction in harmonic voltage and current is greater at higher frequencies. In
addition unlike the previous case, the harmonic current at the P C C is not
equal to the summation of harmonic current of two converters.

Table II. Harmonic Current and Voltage for Case A: T w o Converters With
Unequal Firing Angles of 10° and 30°

harmonic

lci:A(%)

lc2:A (%)

lp:A (%)

V P :KV (%)

1

307 (100)

557(100)

854 (100)

19.14(100)

5

60.5 (19.5)

111 (20)

123 (14.4)

0.586 (3)

7

41.7(13.6)

74.5(13.4)

56.7 (6.7)

0.385 (2)

11

25(8.1)

46.5 (8.4)

26.3 (3)

0.28(1.4)

13

20 (6.5)

36.2 (6.5)

32.5 (3.7)

0.426 (2.2)

17

13.7(4.5)

26 (4.7)

37 (4.3)

0.598(3.1)

19

11.3(3.7)

21 (3.8)

32 (3.7)

0.588 (3)

23

7.8 (2.5)

15.3(2.7)

19.5(2.3)

0.406(2.1)

THD (%)

26.8

27

17.6

6.63

Notching due to one converter does not appear to affect the waveform of the
other. The total harmonic current of the feeder at the P C C is not equal to the
arithmetic summation of individual harmonic currents of the converters due to
the different phase angles of the currents because of the unequal firing
angles. T h e resultant h th harmonic current can be obtained with 1 0 % relative
accuracy by adding the individual converter currents with a phase shift of
hx20°. T h e error is probably due to additional phase shifts due to overlap

Chapter 3: Interaction Between Harmonic Sources and Power Systems

51

angle. The large reduction in resultant current at h = 7 and 11 is because the
phase difference approaches 180° for these harmonics. Hence the phase
difference does not occur for two converters with equal firing angles or for
converter with diode rectifier.

Case B: Distribution Feeder with Mixture of Converter and
Constant Impedance Load

For this case a 5MW converter and a 10MVA constant impedance load
(pf = 0.8 lagging) are fed from bus 2 and 3 respectively. The 1 0 M V A
constant impedance load w a s represented as a balanced delta connection
load with resistor in series with inductance.

The effect of other types of loads is to reduce the THD in two ways. First
causes the converter current to be a smaller proportion of the total feeder
current and reduces the current T H D proportionally but should not have much
effect on the voltage T H D . Secondly, the load absorbs some of the converter
current causing an additional reduction in both the current and voltage T H D .

Figure 3.3 shows the waveshapes of total feeder current and the voltage at
P C C . Peak and percentage values of harmonic quantities are shown in Table
III. The harmonic current generated by the converter remains as Case A. At
the P C C , approximately 6 % of the harmonic current generated by the
converter is absorbed by the constant impedance load with a larger
percentage being absorbed at higher frequencies.
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Figure 3.3. Current and voltage at P C C for converter and constant impedance
load

Table III. Harmonic Current and Voltage for Case B: Constant Impedance
Load and Converter

harmonic

Ic-'A (%)

Iz-'A (%)

lp:A (%)

V P :KV (%)

1

348 (100)

565 (100)

911 (100)

19 (100)

5

70 (20)

3.28 (0.6)

67 (7.3)

0.303(1.6)

7

48 (13.7)

2.6 (0.45)

45(5)

0.296(1.5)

11

31 (9)

1.5(0.26)

29(3)

0.287(1.5)

13

25(7)

1.7(0.3)

23 (2.5)

0.29(1.5)

17

19(5.4)

1.1 (0.19)

18(1.9)

0.271 (1.4)

19

16(4.5)

1.2(0.2)

15(1.6)

0.277(1.45)

23

13(3.7)

0.9(0.15)

12(1.3)

0.250(1.3)

THD (%)

28

0.9

10.18

4.7
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The load power factor w a s increased from 0.8 to 0.95 in order to assess its
effect on load harmonic absorption. This resulted in an increase of 2 % in
harmonic current absorption by load. The T H D for current and voltage
decreases by 0.2% and 0.9% respectively at the P C C . At higher load power
factor, the equivalent reactance of the load is lower particularly at higher
frequencies, and more harmonic current is absorbed. However, these effects
are not particularly significant and load power factor does not need to be
modelled precisely.

Case C: Distribution Feeder with Mixture of Converter and Three-Phase
Induction Motors

The distribution feeder supplies a 5MW converter and 10MVA three-phase
induction motor from bus 2 and 3 respectively. The motor parameters for
motor and mechanical load are as follows:
R1 = R 2 = 0.57a Li = M = 0.0055H, L2 = 0.0059H
J = 20kg-m 2 , T 0 = 6,000Nm

Figure 3.4 shows the waveshapes of total feeder current and voltage at the
P C C and Table IV shows the harmonic distribution on the network.
Approximately 2 3 % of the harmonic current generated by the converter is
absorbed by the induction motor. As compared with Case B, the harmonic
absorption by the induction motor is 1 6 % more than for the constant
impedance load.

The induction motor absorbs about four times more

harmonic current than a comparable constant impedance load due its lower
reactance.
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Figure 3.4. Current and voltage at P C C for converter and induction motor

Table IV. Harmonic Current and Voltage for Case C: Motor and Converter

harmonic lc:A (%)

Im'A (%)

lp:A (%)

V P :KV (%)

1

341 (100)

562(100)

836 (100)

18.8(100)

5

69 (20)

15(2.7)

54 (6.5)

0.26(1.4)

7

47(13.8}_

11(1.9)

36 (4.3)_

0.25(1.3)

11

30 (8.9)

6.6(1.2)

24 (2.8)_

0.25(1.3)

13

24(7.1)

6(1)

18.5(2.2)

0.25(1.3)

17

\ 19(5.5)

4.3 (0.75)

15(1.8)

0.23(1.2)

19

16(4.7)

4.8 (0.85)

12(1.4)

0.23(1.2)

23

13(3.8)

3 (0.6)

10(1.2)

0.21 (1.1)

3.86

8.95

THD (%) 28.1

!

3.4
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Distribution Feeder with Mixture of Converter, Constant
Impedance Load and Three-Phase ac Induction Motor

For this case a 5 M W converter, 5 M V A constant impedance load and 5 M V A
three-phase induction load are supplied from the feeder as shown in Figure
3.1.

The waveshapes of the resultant feeder current and voltage at the PCC ar
shown in Figure 3.5 and peak and percentage values are given in Table V.
The total harmonic current absorption by the non-distorting load is 1 2 % of the
converter harmonic current. As expected, this load composition gives less
total harmonic distortion at the P C C than for Case A and more than for
C a s e B.

Figure 3.5. Current and voltage at P C C for equal converter, constant
impedance and induction motor loads
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Table V. Harmonic Current and Voltage for Case D: 5 M W Impedance Load,
5 M V A Induction Motor and 5 M W Converter

h

Ic'A (%)

Iz'A (%)

Im-A (%)

lp:A (%)

V P :KV (%)

1

344 (100)

284 (100)

300 (100)

842 (100)

18.9(100)

5

69.7 (20)

1.331.471

6(2)

62.3 (7.4)

0.30(1.6)

7

47.2 (14)

1 (0.36)

4.5(1.5)

41.7(5)

0.29(1.5)

11

30.6 (9)

0.6(0.21)

2.7 (0.9)

27.4 (3.2)

0.29(1.5)

13

24.5(7.1)

0.7 (0.24)

2.5 (0.83)

21 (2.5)

0.28(1.4)

17

18.9(5.5)

0.5(0.16)

1.76(0.6)

16.8(2)

0.27(1.4)

19

15.8(4.6)

0.5 (0.17)

1.8(0.58)

13.6(1.6)

0.26(1.3)

23

13(3.8)

0.4(0.13)

1.3(0.44)

11.5(1.4)

0.25(1.3)

0.72

2.94

10.2

3.84

THD 28.3
(%)

Table VI shows a summary of total harmonic current and voltage distortion at
the P C C for different load compositions.

For all cases the harmonic

generation by the converter remains approximately constant regardless of the
other loads. Although it is c o m m o n practice in many harmonic studies to
neglect the effects of other loads, this can be seen to be unduly pessimistic.
Constant impedance loads have a small effect on harmonic levels while
induction motors have a significant effect. The motor proportion of the nondistorting load should be identified accurately to allow good predictions of
harmonic distortion.
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Table VI. Total Harmonic Current and Voltage Distortion at the P C C for
Various Load Categories

CASE

C U R R E N T AT P C C

VOLTAGE AT P C C

(THD%)

(THD%)

A: 30°

26.5

10.6

A: 10°

22.9

6.62

A: 30° and 10°

17.6

6.63

B

10.18

4.7

C

8.95

3.4

D

10.2

3.84

3.3

|

THE EFFECT OF POWER SYSTEM MODELLING ON
HARMONIC PROPAGATION

The distribution system can change because of system switching because of
load flow and maintenance requirements and system contingencies. This can
result in a weak or resonant system condition at some load supply points.
With the strong power system condition case B taken as the base case, the
effect of harmonic propagation was studied for the following unusual system
conditions:
(i) W e a k power system
(ii) Parallel resonance with substation capacitor bank
For all above system condition it is assumed the feeder supplies 1 0 M V A
constant impedance load and 5 M W converter at bus 2 and 3 respectively. The
equivalent system impedance at fundamental frequency is the s a m e for all
cases except for the weak system conditions.
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Case (i): Weak Power System.

For this case it is assumed the equivalent power system impedance is 3.5Q
(0.209 p.u.) equivalent to 2,000 A fault level. Although this gives a very low
short circuit ratio, it leads to voltages of 8 5 % normal at the P C C and can occur
on a very weak rural system with capacitor support. This extreme value was
chosen to illustrate the maximum departure which might occur from the results
for the previous strong system condition.

Figure 3.6 shows the waveshapes of total feeder current and voltage at the
P C C and Table VII shows the harmonic current and voltage of the feeder. The
T H D for current at the converter bus decreases by 4 % as compared to the
base case. The harmonic absorption by the load increases by 22 % because
of the higher harmonic voltage distortion applied to the load bus as shown in
Table VIII. The T H D for current at the P C C decreases by 3 % because of the
lower harmonic current generated by converter and the higher harmonic
absorption by the load. The T H D for voltage at the P C C increases by 6 % as
compared to the base case. The maximum individual harmonic at the P C C
decreases by 1.7% for current and increases by 7.6% for voltage. Under weak
system condition the total harmonic current distortion decreases but the total
harmonic voltage distortion increases.
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Figure 3.6. Current and voltages at P C C for weak system condition

Table VII. Harmonic Current and Voltage for Case (I): Weak System
Condition

harmonic

Ic'A (%)

lz:A (%)

lp:A (%)

V P :KV (%)

1

308 (100)

477(100)

780 (100)

16(100)

5

58 (18.9)

14.5 (3)

44 (5.6)

1.5(9.2)

7

37 (12)

10(2)

27.613.5J

1.35 (8.4)

11

19.4(6.3)

5.4(1.1)

14(1.8)

1.1 (6.9)

13

13.8(4.5)_

3.9 (0.8)

10(1.3)

0.946 (5.9)

17

6.6 (2)

2.110.44) _ j 4.5 (0.57)

0.624 (3.9)

19

4.5(1.4)

1.2(0.25)

3.5 (0.44)

0.452 (2.8)

23

1.3 (.42)

i 0.5(0.1}_

1.3(0.16)

0.19(1.2)

THD (%)

23.9

7

16.3

4
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Power System is at Parallel Resonance with Substation
Capacitor Bank.

For the first part of this study it is assumed the substation capacitor bank is at
resonance with system impedance at exactly the 5 th harmonic.

The

equivalent system impedance at the fundamental frequency is the s a m e as for
the base case. T h e required capacitor size for the resonance condition is
obtained from:
fr = f1

Xc
XI

(3.1)

where fr is the resonance frequency, fi is the fundamental frequency and X| is
the equivalent system impedance (0.53Q/phase). Xc, the required shunt
capacitance bank for resonance, is 13Q/phase (14.8MVAr).

N o system

damping has been assumed other than that provided by the load.
Figure 3.7 gives the waveshapes of current and voltage in the feeder showing
the P C C voltage to be heavily distorted. Table VIII shows the corresponding
harmonic values.

T h e total load 5th harmonic current is 16A (current

generated by converter minus current absorbed by load) and has been
amplified to 1,230A in the resonance circuit.

*00 °-

time (seconds)

3M 0

-*

Figure 3.7. Current and voltage at P C C for parallel resonance
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Table VIII. Harmonic Current and Voltage for Case (II): Parallel Resonance
at 5th Harmonic

h

Ic'A (%)

lz:A (%)

I (reso):A (%)

V P :KV (%)

1

350 (100)

590 (100)

827 (100)

19.8 (100)

5

69 (19.7)

53.6 (9)

1231 (150)

5.7 (29)

7

49(14)

1.8(0.3)

54 (6.5)

0.343(1.7)

11

31 (8.8)

0.5 (.085)

8.2 (0.98)

0.076 (0.04)

13

25(7.1)

0.442 (0.07)

4.4 (0.54)

0.047 (0.02)

17

19(5.4)

0.45 (0.07)

1.8(0.22)

19

16(4.5)

0.5 (0.08)

1.3(0.15)

23

13(3.7)

0.46 (0.08)

0.7 (0.08)

THD

28

9

150

28.9

(%)

The harmonic current absorption by the constant impedance load increases
significantly at the 5th harmonic ( 7 7 % of the converter current) because of the
high 5th harmonic voltage applied to the load bus. Less 5th harmonic current
occurs at the P C C compared with normal system condition since the converter
harmonic current is largely insensitive to system conditions. In fact the 7th
harmonic current is larger than 5th harmonic current at the P C C .

The total harmonic current distortion at the transmission system is 150% an
mainly 5th harmonic. The total harmonic voltage distortion at the P C C is 2 9 %
which is also mainly 5th harmonic. This is an increase of 1 4 0 % and 2 4 % in
harmonic current and voltage distortion respectively as compared to the base
case.
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System damping was next introduced by adding a 0.2ft series resistor to the
system impedance giving an X/R ratio of 2.6. This ratio was selected arbitrary
only for investigation of the effect of system damping on the harmonic voltage
distortion level. It w a s found that the total harmonic current at the transmission
system decreases by 8 8 % as compared to the condition with no damping.
The total harmonic voltage distortion at the P C C decreases by 1 7 % .
A resonance at a non-characteristic harmonic w a s studied by setting a
resonance frequency is at 300Hz giving a capacitor size of 19Q/phase
(10MVAr). Figure 3.8 and Table IX shows the waveforms and harmonic
values respectively for the feeder current and voltage at the P C C . The total
harmonic current distortion entering the power system is 3 3 % and the total
harmonic voltage distortion at the P C C is 7.2%. The harmonic distortion is
much less than for resonance at a characteristic harmonic. The 5th and 7th
harmonic have been amplified by factor of three as compared to the base case
because the system impedance is high near the resonance frequency.

3

w

°"

time (seconds)

Figure 3.8. Current and voltage waveforms at P C C for parallel resonance at
non-characteristic frequency
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Table IX. Harmonic Current and Voltage for Case (II): Parallel Resonance at
300Hz

h

lc:A (%)

lz:A (%)

l(reso):A (%)

V P :KV (%)

1

361 (100)

583 (100)

774 (100)

19.5(100)

5

73 (20)

9.4(1.6)

212 (27)

1 (5.1)

7

50(13.8)

6.2(1)

151 (19.5)

0.97 (5)

11

33(9)

0.79 (0.13)

14(1.8)

0.13(0.7)

13

26 (7.3)

0

7 (0.9)

0.076 (0.4)

17

21 (5.8)

3.5 (0.45)

0.04(0.18)

19

17.4(4.8)

1.45(0.18)

0.025 (0.12)

23

15(4.2)

1 (0.13)

0.015 (0.007)

33

7.2

THD 28.5

1.92

(%)

A high resonance frequency of 1,000Hz w a s studied by assuming a 900KVAr
capacitor bank to be installed at the substation. Figure 3.9 and Table X give
the corresponding results. T h e harmonic current at the 19th and 23rd at the
transmission system has been amplified by a factor of 7 and 4 respectively.
The total harmonic current distortion at the transmission system is 8.4% higher
than for the base case and the total harmonic voltage distortion at the P C C is
8 % higher. Although the capacitor bank is at resonance with system at high
non-characteristic frequency (small capacitor) the harmonic distortion is nearly
doubled that occurring w h e n there is no capacitor in service.
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6

time (seconds)
Figure 3.9. Current and voltage waveforms at P C C with high frequency
parallel resonance

Table X. Harmonic Current and Voltage for Case (ii): Parallel Resonanc
1000Hz

harmonic lc:A (%)

lz:A (%)

l(reso):A (%)

V P :KV (%)

1

352 (100)

569 (100)

890 (100)

19 (100)

5

71 (20)

3.4 (0.6)

72(8)

0.342(1.8)

7

48(13.8)

2.9 (0.5)

52 (5.8)

0.348(1.8)

11

31(9)

2 (0.35)

42 (4.7)

0.436 (2.3)

13

25.5 (7.2)

2.35 (0.4)

40 (4.5)

0.5 (2.6)

17

19.6 (5.6)

2.9 (0.5)

60 (6.7)

0.947 (5)

19

16.6(4.7) j 5 (0.9)

103(11.4)

1.83(9.6)

23

14 (3.9)

2 (0.35)

43 (4.8)

0.9 (4.7)

25

12 (3.4)

0.63(0.11)

22.4 (2.5)

0.497 (2.6)

29

10(3.1)

0

9.4(1)

0.24(1.2)

THD (%)

28

1.4

18.6

12.6
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Table XI s u m m a r i z e s the m a i n results for the different system conditions
discussed in this section. T h e strong s y s t e m condition is a d e q u a t e for
calculation of the w o r s e c a s e current distortion at the P C C . T h e current
distortion d o e s not vary m u c h , with s o m e reduction w h e n the system h a s a
high i m p e d a n c e ( w e a k system or resonance at a low characteristic harmonic).
T h e small variation in current distortion confirms the belief that converters
b e h a v e m o r e like a constant current source. T h e strong system condition is
too optimistic for estimating the w o r s e c a s e voltage distortion which m a y
occur. It would b e better to use a w e a k or parallel resonant condition for this
calculation instead.

Table XI. T H D (%) for Different S y s t e m Conditions

CASE

CURRENT AT PCC

VOLTAGE AT PCC

(THD%)

(THD%)

Base case

10.2

4.7

(i)

7

16.24

resonance at 5th

7.5

28.9

resonance at 6th

10.2

7.19

r e s o n a n c e at 20th

10.1

12.6

(ii):

3.4

EFFECTS OF LOAD COMPOSITION

This section will develop a general formula for the harmonic current at the
P C C of a normal p o w e r system applicable to a n y load composition providing
the proportion of the different load types is k n o w n . T h e formula is intended to
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allow for the effect of composite loads in frequency domain analysis programs
which allow no direct representation of load effects.
Figure 3.10 shows an equivalent circuit for the harmonic behaviour of a
composite load and a normal power system. Ich is the value of the converter h
th harmonic current and Ish is the corresponding current in the power system
at the P C C . Xs, Xz and X m are the fundamental reactances of the system,
constant impedance load and motor leakage inductance.

composite load

power system

Figure 3.10. Simple equivalent circuit for system under study
Straightforward manipulation shows that:
(

Ish
Ich

1

Xs
1 + 1
^Xs Xz

^
1

(3.2)

Xmy

A more convenient form of this expression will now be derived in terms of the
short-circuit ratio at the P C C and the proportion of the different load types. Let
the nominal system voltage (line-to-line) be V, the fault level at the P C C be FL
and the nominal V A drawn by each load type be Sz, S m and Sc. The system
reactance is given by:

J__FL
XS"V2
For a constant impedance load:

(3.3)
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azSz
X z " V2
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(3.4)

where az allows for the load power factor. For the induction motor:
J
ctmSm
X m " V2

(3.5)

where a m allows for the ratio of the motor starting current to rated current. The
total load S can be expressed in terms of the fault level and the short circuit
ratio SCR:
FL

S = SCR

(3-6)

If the load composition is in proportion fc, fz and f m then equation(3.4) can be
rewritten:
|sh=
SCR
'ch S C R + a z fz + a m f m

(37)

For a strong system this can be simplified further as S C R » azfz + a m f m
giving:
^ - 1 - (az/SCR)fz - (a m /SCR)f m

(3.8)

The simulation results from Section 2 can be used to derive typical
expressions for a z and a m - Each load composition totals close to 16MVA and
the corresponding short circuit ratio is 22. Taking load type C as an example,
with a 1 0 M V A motor and a 5 M W (6MVA) converter load, f m = 0.63 and fz = 0.
The following equation is derived from the results for the 5th harmonic current:
0.78 = 1 - (az/22)(0) - (am/22)(0.63)

(3-9)

Considering the different load categories investigated in Section 2, three other
equations are found giving the overdetermined equation:
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0 N
f 0.63
r0.88\
~ 4.84
0.63
0
\U-XV\)
12-42J
^ 0.31 0.31 ,

f«z^

This can be solved by the usual least squares technique giving for the "a"
coefficients
a z = 1.2

a m = 7.5

(3.11)

Substituting into equation(3.10):
j ^ - 1 - (1.2/SCR)fz - (7.5/SCR)fm

(3-12)

The above equation can be applied for any distribution feeder which supplies
a composite load ( converter + non-distorting loads) under normal conditions.

In order to verify equation (3.12), the harmonic current model was calculate
by P E S for two other load compositions:

E: 10MW converter and 5MVA three-phase induction motor.
F: 1 0 M W converter and 5 M V A constant impedance load.
Table XII gives the comparison between the results of the P E S and those
obtained from equation(3.12). It is observed the error between the two is
within 1%. Equation(3.12) is a correction factor which can be applied to the
converter current source model in harmonic analysis programs where other
non-distorting loads are not represented providing the power system fault
level is sufficiently high.
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Table XII. Comparison between P E S and equation (3.12)

Method

Method

Error(%)

Load composition

PES

E (strong system)

0.9

0.89

0.7%

F (strong system)

0.975

0.98

1%

B (weak system)

0.75

0.79

5%

Equation (3.12)

3.5. CONCLUSIONS

A power electronic simulator has been used to investigate the harmonic
behaviour of a distribution system for a variety of load and system conditions
by time domain simulation. The technique allows waveform calculations to be
made with more convenience and with less approximation than with the usual
frequency domain approach. Studies have examined the interaction of
different load types with harmonic sources on distribution networks and the
effect of power system modelling on the propagation of harmonics. Based on
the results the following key conclusions can be made:

(i) On a strong distribution feeder with several converters, the harm
current at the P C C is the arithmetic sum of the individual converter current
so if the converters operate with equal firing angles, even if they are
connected to different buses. With unequal firing angles the total
harmonic current at the P C C is less than the arithmetic sum and can be
estimated by assuming a phase shift dependent on the difference in the
firing angles.
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This absorption is not

significant with constant impedance loads but is important with induction
motor loads. This reduction can be estimated very well for a normal
system from the load and system impedances.
(iii) W h e n the distribution feeder is supplied from weak power system, the
harmonic current distortion decreases but the harmonic voltage distortion
increases. In order to calculate or measure the worst case for harmonic
distortion at the P C C , the harmonic current distortion should be measured
under strong system condition and the harmonic voltage distortion under
w e a k system conditions. For investigating the effect of harmonics on
loads, it is recommended that harmonic measurements are performed for
w e a k power system conditions when the load absorbs more harmonic
current.
(iv) A parallel resonance caused by a substation capacitor bank gives large
currents and voltages at substation switchgear. Harmonic absorption by
other loads along the feeder increases significantly at the resonant
frequency. The harmonic distortion is m u c h greater when the resonant
frequency occurs at a characteristic harmonic.

A higher resonant

frequency gives lower harmonic distortion.
A model has been derived to adjust the value of harmonic current sources for
frequency response analysis programs that do not allow for direct
representation of non-distorting sources.

CHAPTER 4
HARMONIC MODELLING OF DISTRIBUTION FEEDERS

4.1. INTRODUCTION

Computer programs developed for harmonic analysis of large power systems
mainly use the frequency response method and model harmonic sources as ideal
ac current sources. The magnitude of the individual harmonic current distortion
level is given with respect to each harmonic order in the form of fable of values
[18-21]. These tables are based on the number of converter pulses and the firing
angle, but mostly take little or no account of the condition of the power system.
The non-distorting loads are represented with resistance in parallel with
inductance derived from active and reactive power consumed by the load [41-43].
Most programs [18] allow the representation of motor loads accurately in addition
to constant impedance load. However, the data collection for non-distorting loads
with sufficient accuracy has been a problem. In addition entering of the values for
all harmonics for each harmonic source is time consuming since studies m a y be
required for up to the 20th or sometimes to the 40th harmonic order.

Investigations have been made for modelling of harmonic current sources with
deterministic and probabilistic methods[11, 39, 41-46]. The proposed models are
for individual distorting loads such as A C / D C converter, battery chargers and so
on. Consequently the models cannot be used for the assessment of the harmonic
voltage distortion level of a large power system with significant number of
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harmonic sources due to lack of information regarding the size, type and location
of distorting loads. O n e practical method is to model the whole of the distribution
feeder with composite load with an equivalent Norton model.

Some computer programs have been developed which allow mathematical
functions for the harmonic current spectrum[76]. The mathematical models have
been developed for arc furnaces and high speed trains. It is expected that future
commercial computer programs will allow representation of these type of models.
The advantage of these models are that the existing time-consuming method for
entering values for all harmonics is avoided.

In this chapter, the method is extended for a more general purpose, e.g.
development of mathematical functions for harmonic modelling of distribution
feeders with a composite load. For this purpose a curve-fitting program is used to
find parameters of the mathematical models.

In the proposed models, non-distorting loads are represented by equivalent load
impedance. The equivalent load impedance is useful to indicate situations in
which there is a significant proportion of motor loads on the feeder. It is also
useful w h e n it is difficult to identify the size and location of individual loads.

The proposed method follows the usual practice of neglecting the phase angle in
harmonic current, as it gives a pessimistic but safe prediction.

Since the distribution voltage level varies from country to country, general mo
are difficult to obtain. However the method has been illustrated by application on
a typical distribution feeder with typical parameters.
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4.2. HARMONIC MODELLING OF DISTRIBUTION FEEDERS

The most suitable simple model for harmonic modelling of a distribution feeder
the Norton model. Figure 4.1 shows the equivalent model for different parts of the
system, including a Thevenin model of the power system (transmission and
subtransmission including substation transformer) at the point of c o m m o n
coupling and a Norton representation of the distribution feeder. The power factor
correction capacitor shown in Figure 4.1 should be represented separately.
i

rest of system

pec
«-<

r^v/

I
source

f^f^

Ich

Figure 4.1. Equivalent Norton representation of distribution feeder

For the equivalent Norton representation of the feeder, it is desirable to fin
mathematical function which describes the equivalent harmonic impedance and
current accurately over a wide range of harmonic frequencies. These functions
should be simple so that they can easily be incorporated into a computer
program. These functions were found using a curve fitting program.

Two forms of harmonic models can be derives for distribution feeders as follow

Model 1: Harmonic-current source alone
Model 2:

Harmonic-current source in parallel with impedance

4.2.1.

Model 1 : Harmonic-current source alone
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In this model, the feeder is represented only as a harmonic current source w
value as calculated at the P C C . Consequently it is not required to calculate and
represent the equivalent harmonic impedance of the feeder.

In Chapter 3, it was shown that the harmonic current at the PCC (Ith) for a
feeder with a composite load can be derived from:

~ - 1 - (1,2/SCR)fz - (7.5/SCR)fm (4.1)

Where Ich is the harmonic current at the source and fz , fm are the proporti
of constant impedance and motor loads respectively.

It is conventional to assume that the harmonic current distortion level of a
symmetrical converter to be equal to :

!s!l = I
Ii

(4.2)

h

Where h is the harmonic order and h is the fundamental current drawn by the
converter.

However if commutation overlap is considered, the individual

harmonic current distortion level is obtained from [77]:

,ch
lj

Where
a=firing angle
u=overlap angle

ya 2 + b 2 - 2abcos(2a + u)
h(cosa-cos(a + u))
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sin(h-l)a = —•
h-1

2-
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sin(h + 1)b =
h+1

By inserting Equations (4.2) or (4.3) into Equation (4.1), harmonic current
P C C is obtained.

Equation (4.3) seems to be complicated to incorporate into computer program
S o m e attempts have been m a d e to find a simpler relationship than Equation
(4.3). For this purpose the variation of hlCh with respect to h has been obtained
for typical values of a=30° and u=10°. Figure 4.2 shows this variation. It is
observed that Equation (4.3) can be represented approximately by:

hLchh =

1 + Bh
or

'ch ~

(4.4)

A
h + Bh 2

This simple model will be used in Section 4.3 for harmonic current generated by
converter.

Chapter 4: Harmonic Modelling of Distribution Feeders

75

1.0-1 -

0.8- *i

0.6- \

sz \
0.4-

\

0.2-1 ' 1 • 1 • 1

0

10

20

30

harmonic order

Figure 4.2: Variation of hlch (Equation 4.3) with respect to harmonic order

4.2.2. Model 2 : Harmonic-current source in parallel with impedance

In this model, the converter can be assumed to be an ideal source of harmonic
current, and the other loads can be assumed to behave as a pure impedance.
The Norton current is then equal to the converter current. The equivalent
harmonic impedance is obtained from:

Zh

_ Vh = 'th(ZS)n (4<5)
Cch-'th)

Och-'th)

where
Vh - harmonic voltage (phase to neutral) as calculated af the P C C
Ich - harmonic current as calculated at the harmonic source location
Ith - harmonic current as calculated at the P C C
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(ZS)h- Equivalent system impedance in parallel with substation capacitor bank

The disadvantage of this technique is the need to calculate the harmonic curr
at both the converter and at the P C C . Practically, this m a y be time consuming or
difficult to arrange if measurements are used instead of simulation.

The

advantage is that the harmonic current source in the Norton model is nearly
determined by the size of the converter regardless of the other types of load on
the feeder.

4.3. STUDIED EXAMPLE

The distribution feeder selected for equivalent harmonic modelling is the sam
as shown in Figure 3.1, Chapter 3. In practice the proportion of each load type
varies on distribution feeders. Four different load compositions as discussed
in Chapter 3 were chosen for this study to cover the range of cases which can
occur in practice. Load category B will be used for subsequent detailed
calculations.

4.3.1. Harmonic-current source in parallel with impedance

The variation of harmonic current (lch)and impedance (Zn) with respect to
harmonic order has been plotted as shown in Figure 4.3. It seems this variation
can be expressed by a ratio function as discussed in Section 4.2. By applying the
curve fitting program, the harmonic current can be expressed by:

'ch = ^—r <4-6)
cn

h + 0.028h 2

Figure 4.4 shows results of the curve fitting program and the actual harmonic
current variation.
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10
20
Harmonic Order

11

30

Figure 4.3. Current (A) and impedance (Q.) for converter and induction motor load

A similar approach was used to derive the equivalent mathematical model for
harmonic impedance of the feeder as defined by Equation (4.5). It was found that
the simple linear function is the most accurate model for the equivalent
representation of the feeders harmonic impedance. For load category B, the
harmonic impedance can be expressed by a linear function as:

Z n = 1.41+1.699h

(11 = 5,7,11,...)

Figure 4.5 shows the result of the curve-fitting program for the harmonic
impedance.

(4.7)
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Figures 4.4. Curve-fitting result for harmonic current

10

harmonic

20

order

Figure 4.5. Curve-fitting result for harmonic impedance.
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For other load categories, the same approach has been used.

30.

Table I gives the

mathematical expressions obtained from the curve-fitting program for each load
category. These expressions are valid for the voltage level (13.8 KV) and fault
level at the P C C (14000 A) as considered for the feeder. A general mathematical
expressions will be developed in Section 3 which gives harmonic current at the
P C C for any load composition, feeder voltage level and fault level at the P C C .

For all cases with the assumed system conditions, regardless of the load
composition, the equivalent harmonic current source in amperes can be
expressed approximately with a function as follows :

66M
'ch

(4.8)

h + 0.03rV

where M is the size of the converter in M V A .

T A B L E I. Mathematical Harmonic Model for Various Load Categories

Case

Current In* (p.u.)

Impedance Zh*(p.u.)

A

0.59/(h+0.028h2)

-6+14.5logh

B

0.59/(h+0.028h2)

0.118+0.142h

C

0.59/(h+0.028h2)

-3.6+7.6logh

D

1.86/(h+0.047h2)

oo

*Vbase=13.8 K V (l-l), Spase = 16 M V A (total feeder load), S C R = 2 2

4.3.2.

Ideal Harmonic Current Source

In this model, the feeder is represented only as a harmonic current source with a
value as calculated at the P C C instead of at the converter. Figure 4.6 shows the
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variation of harmonic current with respect to frequency at the P C C for load
category B and the result given by the curve-fitting program. Table II shows the
corresponding mathematical functions for different load categories.

The

harmonic current source can be represented by simple ratio function as before,
but this function varies according to the type of other loads on the feeder. This is
because the harmonic current at the P C C is the difference between the harmonic
current generated by the converter and the harmonic current absorbed by load.
The advantage of this technique is that the harmonic current need only be
calculated (or measured) at the P C C .
605040 <

•

joc
o '
oo

•

10-

o-l

.

1

.

1

. 1

harmonic order

Figure 4.6. Curve-fitting result for harmonic current.

TABLE II. Mathematical Harmonic Model for Various Load Categories

Case

Current Ih (p.u.)

A

0.593/(h+0.037h2)

oo

B

0.49/(h+0.042h2)

oo

C

0.56/(h+0.04h2)

oo

D

0.37/(h+0.047h2)

oo

Impedance Zn (p.u)
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4.4. GENERAL EQUATION FOR HARMONIC MODELING

This section will develop a mathematical model for Model 1 applicable to any
practical load composition of the studied distribution feeder provided the
proportion of the different load types is known.

As obtained before the equivalent harmonic current source at the converter
can b e expressed approximately using a ratio function as follows:

,ch = _ 5 6 M
c

h + 0.03h 2

where M is the converter size in M V A and lCh is the harmonic current in A. If
the nominal converter voltage is V (line-line) in KV, the base current in K A can
be defined as:

W

=»

(4.10)

Equation (4.9) can b e expressed in p.u as:

|ch=

V3V(66i(fK^3jT2^
1000

(411)

Substituting Equation (4.11) into Equation (4.1), the harmonic current at the
P C C in p.u is obtained as:
A/3V[1

Ith -

-(1.2/SCR)fz-(7.5/SCR)fm](66/(h+0.03h2))

Tooo

v

' '
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This equation gives the mathematical function for equivalent Norton model for
a feeder with any load composition, voltage level and fault level at the P C C .

In order to verify the harmonic current model as calculated by Equation(4.1
the harmonic current model was calculated by P E S and Equation (4.12) for
two other load compositions:

E: 10 MW converter and 5MW AC induction motor.
F:

10 M W converter and 5 M W constant impedance load.

Table III gives the comparison between results of the PES and those obtaine
from Equation(4.12). It is observed that the average error between the two is
within 1 0 %

T A B L E III. Comparison Between Simulation and Derived Expression

Harmonic

Simulation

Derived

In (A)

Expression lh(A)

E

F

E

Error (%)

F

E

F

5

122

132

112

124

7

6

7

81

87

90

99

11

14

11

51

55

61

67

19

21

13

40

42

50

55

25

30

17

29.4

31

33

36

14

16

19

23.5

25

25.5

9

12

18

19

13

27

23

23

28

14

Chapter 4: Harmonic Modelling of Distribution Feeders

4.5.

CONCLUSIONS

In this chapter methods have been proposed to derive harmonic modellin
distribution feeders. The methods have been illustrated by application on
a typical distribution feeder with different load compositions connected to a
normal supply system. A power electronic simulator has been used to calculate
harmonic spectra for voltage and current waveforms. For each case a Norton
type equivalent circuit for harmonic calculations has been determined. A curvefitting program has been used to obtain simple expressions for the variation of
harmonic quantities up to the 25th. Alternatively, the calculations can be carried
out using on-site measurements.

Model 1 is a Norton equivalent circuit and is calculated using current
measurements at both the point of common coupling and the converter load.
Results indicate that the usual representation of distorting loads as ideal
harmonic - current sources may be pessimistic where there is a large proportion
of motor load.

Data for the use of Model 1 may prove to be difficult to obtain with o
measurements, especially where the converter part of the load is distributed.
Model 2 uses values at the point of common coupling only but ignores the Norton
impedance. It has been shown that typical values for harmonic currents can be
obtained by simple expressions if the load composition is known. The proposed
functions gives sufficient accuracy for variation of the harmonic current for both of
the above models over the frequency range investigated. The models give a
good agreement with simulation results.

These models have been derived for incorporation into frequency-domain
harmonic-analysis programs. The use of mathematical expressions will reduce
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the labor of setting up load models, where the program has this facility. The
simplicity of the models allows large studies involving many simultaneous
harmonic sources to be run easily. The approach is thought to have wide
applicability in future.

CHAPTER 5
ACCURACY OF REPRESENTATION OF HARMONIC SOURCES
WITH IDEAL CURRENT SOURCES AND EQUAL PHASE ANGLES

5.1. INTRODUCTION

Proposed installations of harmonic sources can be checked to see if they wi
meet standards by m e a n s of harmonic analysis computer programs [18-21].
Most cases can be conveniently and easily examined by a frequency
response type program where harmonic sources are represented by a parallel
connection of ideal ac current sources at each harmonic frequency. Due to
lack of data, it is c o m m o n to assume that all harmonic sources have the same
phase angle. This gives a worst case result in most cases [32].

In an attempt at more realistic results, some studies have assumed a random
distribution of phase angles [32-37]. This m a y be applicable where most of
the sources are S C R rectifiers (e.g. D C drives) where the firing angles vary
independently. However, it is expected in future that most harmonic sources
will have diode rectifier front ends where the variations in the phase angle is
much more restricted.

The assumption of equal phase angle might seem reasonable for harmonic
sources with diode rectifiers such as A C drives but deserves closer
investigation.

In this Chapter this assumption is investigated first for

representation of loads on o n e distribution feeder and secondly for
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distribution feeders in different subsystems. The first investigation is useful
w h e n harmonic analysis of a single distribution feeder is m a d e by the
frequency domain computer program. The second case is for calculation of
harmonic distortion level in a large interconnected network.

For investigation of the assumption of equal phase angle of loads on one
distribution feeder, the variation of the phase angle of the harmonic current
injected by the rectifier is obtained with respect to the size of the rectifier and
the condition of its connection to the system (sensitivity analysis). If this
variation is not significant, then this assumption can be correct. For the
purpose of the sensitivity analysis a Power Electronic Simulator (PES) as
described in Chapter 2 has been used.

The results of sensitivity analysis have been verified by studying a typical
distribution feeder with two rectifiers. In this example first the harmonic current
and voltage distortion level of a feeder with two rectifiers for different system
conditions are obtained. Then the rectifiers are replaced with two equivalent
harmonic sources with equal phase angles and harmonic current and voltage
distortion levels are obtained for the s a m e system conditions. Comparison
between the two cases gives the accuracy of the assumption of equal phase
angles for the harmonic sources with rectifiers.

For representation of distribution feeders in different subsystems with ideal
current sources, the results obtained from the first case is used to give the
required phase angles of the equivalent harmonic current sources.
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5.2.

L O A D S O N O N E DISTRIBUTION

ii

FEEDER

Assume a distribution feeder supplies n' harmonic sources connected at
different locations as shown in Figure 5.1. The phase angle of the n t n
harmonic source is assumed to be (Dn)h for harmonic order h with respect to
absolute reference. The harmonic sources can be modeled with equal phase
angle only if the difference of the phase angle of sources is negligible. One
method to investigate this is to find the variation of the phase angle of one
diode rectifier with respect to system parameter at each harmonic order. For
this purpose the effect of the following system parameters on the phase angle
is investigated.

Size of the rectifier
Fault level at the P C C
Reactance of distribution line
Combination of above cases

PCC

(Di)h

-i-v*

i (D2)h

dD-TS
Figure 5.1 : Distribution feeder with 'n' harmonic sources

(Dn)h
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For sensitivity analysis first it is assumed that only one rectifier has been
connected to the system. Table I shows different cases for the performance of
the sensitivity analysis. The studied cases represent weak and strong power
systems, light and heavy loaded feeder. In all cases a capacitor filtered diode
rectifier as shown in Figure 5.2 has been considered. Each rectifier capacitor
in the model has been connected in series with a D C voltage (equal to L-L
voltage of transformer secondary (5.6 KV) for initial capacitor charging and the
damping of the initial transient waveshapes. The current in Table I is the
magnitude of the current source IA as shown in Figure 5.2. It is assumed that
the system primary voltage is 13.8KV line-line and the rectifier is connected to
the system by delta-delta transformer with a ratio of 3.3. The other parameters
on Table I have been defined in Figure 5.1.
Va

Vb

Vc

IA

Figure 5.2: The Circuit Diagram of the Rectifier as Set up in P E S
Table I: Different system parameters for sensitivity analysis

base case

Case (i)

Case(ii)

Case(iii)

size

0.014p.u

0.036p.u

0.036p.u

0.072p.u

(XD)1

0.047p.u

0.047p.u

0.047p.u

0.148p.u

(XS)1

0.28p.u

0.28p.u

0.84p.u

0.28p.u

system
parameter

(Vbase)primary=13.8KV, P D ase=100MVA, (lbase)primary=4.18KA
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Figure 5.3 shows the waveshape of the current and voltage at the P C C for the
base case. This figure has been given for subsequent comparison w h e n the
rectifier is replaced with an equivalent ac current source. Table II gives the
magnitude of the harmonic current and voltage distortion level. Note that P E S
gives peak current and voltage.

-30. Ok
100.On

-1.0k
200.0n

Tir

Figure 5.3: Waveshape of current and voltage for a feeder with one rectifier
Table II: Harmonic Distortion Level at the P C C for O n e Rectifier

Harmonic Order

Harmonic Current Harmonic Voltage
(A)

(V)

1

73.4

19480

5

49

231

7

31.3

207

11

7

62

13

5.4

61

17

3.3

58

19

1.9

38

23

1.5

30

25

0.9

23
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To obtain the phase angle of the rectifier, it is replaced by a two phase
equivalent harmonic current source as shown in Figure 5.4. A two phase
equivalent source is sufficient to represent three phase system under
balanced system conditions. Each harmonic current source is controlled by a
voltage probe. The voltage probe is connected across a series of harmonic
voltage sources. This model was selected due to existing modeling limitations
in P E S . .

Figure 5.4: Three Phase Circuit for Harmonic Source as set up in P E S

In order to obtain the same system condition with the equivalent harmonic
source as the rectifier, two factors should be considered. First the harmonic
current injection level by the equivalent current source should be the s a m e as
the replaced rectifier. This is achieved with a suitable selection of voltage
magnitude at each harmonic in harmonic voltage source circuit. Secondly the
waveshape of the harmonic current distortion level at the P C C should be the
s a m e for the two cases. This is achieved by adjustment of the phase angles of
the harmonic voltage source at each harmonic. Table III gives the required
phase angles for equivalent harmonic source at each harmonic. Figure 5.5
shows the waveshapes of the current and voltage at the P C C . Hence the
obtained phase angles are with respect to the fundamental system voltage at
the P C C (zero for phase "a").
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-I.Ok
300.0*

200.On

Figure 5.5: Waveshape of Current and Voltage for Feeder With One
Equivalent Source

Table III : Adjusted Phase Angle and Magnitude for Harmonic Source

Harmonic Order

Angle, degree

Magnitude (A)

(Phase "a')
1

-10

73.4

5

120

49

7

-90

31.3

11

-120

7

13

60

5.4

17

90

3.3

19

30

1.9

23

180

1.5

25

180

0.9

Similar procedure was performed to obtain the phase angle of the rectifier for
other cases as shown in Table I. It was found that the variation of the phase
angle up to the 13th harmonic is less than 1 5 % as compared with the base
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This indicated that harmonic sources with diode rectifier can be

represented with ideal current sources and equal phase angles in computer
programs for harmonic order up to 13th. In the next section this conclusion is
verified for a typical distribution feeder with two harmonic sources with diode
rectifiers.

5.3 STUDIED EXAMPLE

The distribution feeder selected for investigation of the assumption of equal
phase angle for harmonic sources is as shown in Figure 5.1 but with only two
rectifiers connected to the system. The power system is assumed to be
balanced and is modelled by its equivalent Thevenin model reactance derived
from short circuit studies. The system voltage level and other parameters are
the s a m e as in Section 5.2.

For investigation of the assumption of equal phase angle of two rectifiers, t
stages are considered. In Stage 1 the magnitude of the harmonic current and
voltage distortion level of a feeder with two rectifiers are obtained for different
system conditions. Then in Stage 2 the rectifiers are replaced with two
harmonic sources with equal phase angles with the s a m e system conditions
as the two rectifiers. The comparison between the results of the two stages
gives the accuracy of the assumption of the equal phase angles. Different
cases regarding to the size of rectifier and system parameters as shown in
Table IV have been considered. Table V shows the harmonic current and
voltage distortion level for Case(i). Similar results were obtained for other
cases. The results are the bench-mark for the subsequent comparisons.
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Table IV: Different system parameters for sensitivity analysis

Base Case Case (i)

Case (ii)

Case (iii)

Case (iv)

(IA)1

0.014p.u

0.036p.u

0.014p.u

0.014p.u

0.036p.u

(IA)2

0.021 p.u

0.072p.u

0.021 p.u

0.021 p.u

0.072p.u

XS

0.28 p.u

0.28 p.u

0.28 p.u

0.84 p.u

0.28 p.u

XD

0.0476 p.u 0.0476 p.u

0.148 p.u

0.0476 p.u

0.148 p.u

System
Parameter

*p.u base as in Table I.

Table V : Harmonic current and voltage for two rectifiers for Case (i)
(h ,l2 are the current of the primary side of each rectifier transformer)
Harmonic

11(A)

l2(A)

Order

Source Curr

Source Curr

1

166.4

5

I pec (A)

Vpcc(V)

331.3

497.9

19460

64.7

99.7

164

765

7

24.9

30

49

330

11

13

22.3

33

335

13

6.3

12.8

15

192

17

5.7

9

12

176

19

3.3

7.7

8.3

139

23

3.

4.9

4.6

101

25

2.2

4.7

4.3

99

In order to validate the assumption of equal phase angle, the two rectifiers are
replaced with two equivalent harmonic sources and equal phase angles. T h e
harmonic current is obtained for various cases as shown in Table IV. Table X
shows the error of the magnitude of harmonic current at the P C C if rectifiers
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are replaced with equivalent harmonic sources. It is observed that up to 13th
harmonic, the error is less than 15%. This is consistent with results obtained
in Section 5.2.

Table X: The Accuracy of the Assumption of Equal Phase Angles for
Rectifiers on the one Distribution Feeder for Different System Conditions

Harmonic

Case (i)

Case (ii)

Case (iii)

Case (iv)

order

(error % )

(error % )

(error % )

(error % )

1

0

0

0

0

5

0

0

2

0.8

7

12

3

3

20

11

6

9

8

13

13

25

10

9

50

17

23

18

20

50

19

31

21

20

64

23

69

28

28

160

25

56

34

33

130

5.4.

MODELLING OF THE DISTRIBUTION FEEDERS IN
DIFFERENT SUBSYSTEMS

In Section 5.2, it has been shown that the harmonic sources with diode
rectifiers in one distribution feeder can be represented by ideal current source
with equal phase angles for only low order harmonics. In this section this
assumption is investigated for distribution feeders in different subsystems.
Based on this investigation the required phase angle of the ideal ac current
source for representation of distribution feeders in the computer programs are
given.
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Assume that the phase angles of the fundamental system voltages at the
P C C s (where the distribution feeders are connected) with respect to the
system c o m m o n reference at different buses (PCCs) are 01, 0 2

0r

and

On. These angles can be obtained from normal load flow. Let us assume the
distribution feeders are represented as harmonic current sources at different
buses(PCCs) for each harmonic by hZa-|, l2Za2,..lrZar.. I n ^a n . Where a r is
the phase angle with respect to the phase angle of the fundamental system
voltages at the P C C .

If the feeders supply only harmonic sources with diode

rectifiers, then all angles of the harmonic current sources at each harmonic
with respect to the fundamental system voltages can be assumed equal to 'a'.
For example:
ai=a2=

=an=a

(5.1)

The phase angle of each harmonic source with respect to common reference
for each harmonic source is obtained as :
Or=0r-a

(5.2)

The harmonic voltage distortion level is calculated from:
Vh = Zh.lh

(5.3)

By writing the equation in terms of the magnitude and the phase angle, it can
be shown that the magnitude of the harmonic voltage is independent of the
phase angle "a". Consequently each harmonic source (distribution feeder)
can be modelled as an ideal current source with the phase angle equal to the
phase angle of the fundamental system voltages at its P C C .

In order to find the effect of the phase angle on the harmonic voltage lev
harmonic voltage is calculated for a system as shown in Figure 5.6 for two
cases. In the first case it is assumed that the phase angles for harmonic
sources are equal (normal assumption) and for the second case they are
equal to the phase angle of the fundamental system voltages.
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IB
IA

Figure 5.6: Single Line Diagram of a System With T w o Subsystems
Connected Together Via Transmission Line

The system data in p.u at 50 H Z and (MVA) base=100 is :
ZB=0.9 +J0.2 (S=1.06+j0.23)
ZA=0.6+j0.36 (S=1.23+J0.74)
TB=3X50MVA,

132/11KV, XB=0.246p.u each

TA=5X36MVA,132/11KV,

XA=0.74p.u each

T C = 1 5 0 M V A , 330/132KV, Xc=0.09
LA=132KV,

20KM, 2 in parallel, Xi_=0.045p.u each

LB=132KV,

40KM, 2 in parallel, XL=0.09p.u each

Lc=330KV, 120KM, 2 in parallel, XL=0.034, B=0.5(p.u each)
A s s u m e the magnitude of the harmonic sources are IA & IB-

T n e tota

l

harmonic voltage at location B can be found from the superposition principle.
The contribution of harmonic source IB is:
VT1=(0.16+j0.55)lB

(5-4)

The contribution of harmonic source IA is:
VT2=(0.036+j0.083)lA

(5-5)

The total harmonic voltage distortion at location B is :
VT=VTI+VT2=(0.16+J0.55)IB+(0.036+J0.083)IA

(5.6)
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Assume firstly the two harmonic sources have equal phase angles (e.g. zero)
and secondly the difference is - 0

which represents the difference of the

phase angle of the fundamental system voltages at locations "A" and "B". Also
assume that the relationship between the magnitudes of the harmonic sources
are IA = p- IB- The ratio of the harmonic voltages between the two cases will
be:
VtQ^ 1-p(0.16-j0.02)
V t 0 ~ 1-p(O.16-jO.O2)Z-0

(57)

This ratio has been calculated for different values of "p" and "0" as shown
Table XI. It is observed that as the angle increases or the magnitudes of the
harmonic sources approaches the s a m e value, the error will increase. It is
clear that for higher accuracy, account should be taken of the phase angle of
the harmonic sources.
Table XI : Effect of the phase angle and the ratio of the magnitude of harmonic
current sources on equation (5.7)
0.2

1

5

-10

1

1

0.78

-30

1

0.97

0.4

-60

0.98

0.9

0.22

-90

0.97

0.84

0.16

p
0

5.5.

CONCLUSIONS

n most of the frequency domain harmonic analysis program, it is common to
represent all harmonic current sources with ideal ac current sources and zero
phase angle with respect to the absolute reference. This is due to lack of
sufficient data regarding the phase angles. In this Chapter this assumption
w a s investigated firstly for the loads on the one distribution feeder and
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secondly for distribution feeders in different subsystems. It has been assumed
that the loads have diode rectifier front ends.

For investigation of the assumption of equal phase angle on one distribution
feeder a Power Electronic Simulator (PES) has been used to give the
magnitude of harmonic current and voltage distortion level of a feeder with
one or two rectifiers for different system conditions.

Different system

conditions were obtained by changing the system impedance and the sizes of
the rectifiers. In the next step the rectifiers were replaced with equivalent
harmonic sources with equal phase angles and harmonic current and voltage
distortion levels were obtained for the s a m e system conditions.

The

comparison between the two cases gives the accuracy in the assumption.

Based on the investigations It is recommended that the assumption of equal
phase angle for harmonic sources on one distribution feeder is used only for
harmonics up to the 13th.

For representation of distribution feeders in different subsystems with ideal
current sources, it w a s found that the phase angle of the equivalent source
should be equal to the phase angle of the fundamental system voltage at the
P C C where the distribution feeder has been connected otherwise an error of
up to 2 0 % m a y occur.

The obtained results in this Chapter can be used in the computer program for
harmonic modelling of the distribution feeders.

CHAPTER 6

PROPAGATION OF HARMONICS IN A MULTI VOLTAGE
LEVEL POWER SYSTEM

6.1

INTRODUCTION

The harmonic voltage distortion at a given point of the network is the result o
the different harmonic current injections at different voltage levels from the
transmission and subtransmission through to the distribution part. T o find a
realistic value of the harmonic distortion in a large power system it is
necessary to know h o w the harmonic current propagation is affected at the
different voltage levels. This requires finding the variation of harmonics with
respect to changes in network parameters and conditions such as capacitor,
load and line outages[78].

In this Chapter the harmonic characteristic of an illustrative power system is
investigated. The variation of harmonic voltage and impedance with respect
to network conditions such as line outages and system capacitor connection is
obtained. A computer program[66] has been used which allows calculation of
different capacitor combinations and line outages. It gives the m a x i m u m
harmonic voltage and impedance for different system conditions.
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The m a x i m u m impedance of the system as seen from the harmonic source is
obtained for various system conditions. This gives the information necessary
for the design of harmonic filters[79].

In some of standards [3, 56, 60] when the permissible size of a distorting l
is determined the background voltage is usually neglected. For this purpose
the harmonic propagation from a higher voltage level to a lower voltage level
and vice versa is investigated.

In most of harmonic analysis of distribution feeders, it is common to repres
the impedance of the large system as seen from the Point of C o m m o n
Coupling (PCC) by its equivalent Thevenin impedance (XI) derived from short
circuit studies as calculated at power frequency[41-43]. In this Chapter the
voltage level and conditions where the equivalent system impedance can be
represented by Thevenin impedance is obtained.

Some of the results and conclusions as obtained in this chapter may have
been known by s o m e utilities. However, no detailed investigation regarding
the harmonic characteristic of a large system have been m a d e and published
so far.

This chapter gives the basic idea for the following chapters e.g., calculati
statistical data of harmonic voltage distortion level of a large power system.

6.2 EFFECT OF SYSTEM PARAMETERS ON HARMONIC
VOLTAGE LEVEL

In this section a simple model is derived which gives the effect of network
parameters such as system capacitance on harmonic voltage distortion. This
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model gives insight into the more complex studies run on the computer and
described in subsequent sections. Let the equivalent power system seen by a
distorting load be represented as in Figure 6.1. A s s u m e Zc and Zs are the
fundamental frequency impedances of a nearby shunt connected capacitor
and the system series reactance respectively. Let the harmonic current source
be Ih = 1pu. and h the harmonic order. The harmonic voltage distortion at the
source bus can be obtained as:

Figure 6.1 : Simple Equivalent Circuit for Power System & Distorting Load

In order to find the typical variation of Vh with respect to system capacit
assume the fundamental system reactance is Zs = 0.03 p.u. This corresponds
to a typical fault level in a low or medium voltage system. Let the system
capacitance be changed between 1-10 p.u. Figure 6.2 shows the variation of
11th harmonic voltage with respect to system capacitor size. The 11th
harmonic voltage increases with capacitance up to 3.63 p.u. and then
decreases. This is due to the fact that the capacitor size of 3.63 p.u. resonates
with the system reactance for the 11th harmonic.
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Figure 6.2 : Variation of the 11th Harmonic Voltage With Respect to System
Capacitance

In order to find the effect of line outages on system harmonic voltag
assumed that the fundamental system capacitance is Zc = 5 p.u.. Let the
fundamental system impedance Zs vary between 0.001-0.5 p.u. This range
will represent all practical conditions of line outages. The variation of
harmonic voltage with respect to system impedance is similar to the previous
case. For example the harmonic voltage will increase initially and then
decreases.

This simple model shows that the effect of variation of system capaci
system reactance is to increase or decrease the harmonic voltage depending
on the value of system parameters and system resonance frequency. This will
be verified by the results obtained from the computer program in the following
sections.

6.3 DESCRIPTION OF STUDY SYSTEM

The power system which was considered in this chapter has a total installed
generation capacity of nearly 20,000 M V A and consists of a main system with
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15 subsystems connected to it. The main system consists of 500, 330 and 220
KV voltage levels. Each subsystem consists of 132, 66, 33 and 11 KV
networks and is supplied from at least two locations of the main system via
330/132 KV transformers. A particular subsystem with a maximum load of
1700 M W was selected for detailed study and is shown in Figure 6.3. The total
installed capacitance in the subsystem is 440 MVAr connected at the 33 and
66 KV voltage levels.

@132kV

t
Uetwoik/|U*-r

132. 33 kV
network

H3>h3kV

©

ter

Radial
132 kV

-QDH33kV 330 kV

fen
UetworkyT^^
©
66 kV
H<B-<EH
©
®

network J

33 kV

Figure 6.3 : Single Line Diagram of the Subsystem

6.4,

HARMONIC

PROPAGATION

For the investigation of the harmonic propagation within a particular
subsystem, a 1 p.u. harmonjc current is injected at the 132 KV bus I (except in
case 1 where two harmonic source locations are considered). Several cases
were studied to investigate the effect of system parameters on harmonic
propagation in the above multi-voltage level power system.

Case 1: Effect of harmonic current injection at different locations and voltage
levels on harmonic voltage distortion
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Case 2: Assessment of harmonic propagation with respect to variation in
system capacitor size and location

Case 3: Effect of transmission and sub-transmission line outages on
harmonic propagation

Case 4: Effect of non-distorting load on harmonic distortion

Case 5: Propagation of harmonics from upstream system (Transmission
System) to downstream system (Subtransmission System)

Case 1: Effect of Harmonic Current Injection at Different Locations and
Voltage Levels.

The main aim of this study is to investigate how the voltage level and locati
will affect the propagation of the harmonics throughout the subsystem. For this
purpose an additional 1 p.u. harmonic current w a s injected at the 132 K V bus
II. Figure 6.4 shows the harmonic voltage distortion at the points of harmonic
injection. With 1 p.u. current injection, It also represents the m a x i m u m
harmonic impedance. The harmonic voltage depends on the location of the
source although these locations m a y be at the s a m e voltage level and
subsystem. For example at the 132 K V voltage level the maximum voltage at
the source for the 7th harmonic for locations I and II are 0.088 and 0.116 p.u.
respectively.

Case 2: Effect of Capacitor Size and Location.
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It is assumed at three different 33KV buses in the subsystem that capacitors
with different sizes can be switched in. The first capacitor connection is :

BUS A: 20 MVAr
B U S B : 15 M V A r
BUSC: 15 MVAr

The second capacitor connection is:
BUS A: 40MVAr
BUS B: 30MVAr
BUS C: 60MVAr

10

20

Harmonic Order

Figure 6.4 : Maximum Harmonic Voltage Distortion for two Locations of
Harmonic Injection
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Figure 6.5 : Maximum Harmonic Voltage Distortion for two Different Capacito
Sizes

Figure 6.5 shows the harmonic voltage at the source bus I for the above two
capacitor connections. With the second capacitor connection the 5th, 7th and
11th harmonic voltages are lower because at these frequencies the capacitors
absorb more harmonic currents. For frequencies above the 13th harmonic the
harmonic voltage distortion is higher. As it was shown earlier (Figure 6.2) the
relationship between system capacitance and harmonic voltage distortion is
not monotonic. For a fixed system reactance and a given harmonic frequency
there is a capacitor size in which resonance will occur. If the size of the
system capacitance is lower than the resonance value, the harmonic voltage
will increase with an increase in system capacitance.

In order to find how the capacitor combination affects the harmonic
propagation in the subsystem, the capacitor of the second
connection was divided into several banks as follows:

B U S A: 2 banks each 20MVAr

capacitor
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B U S B: 2 banks each 15MVAr
B U S C: 2 banks each 15MVAr

This arrangement gives 16 capacitor combinations which can be connected to
three buses. Figure 6.6 shows the m a x i m u m harmonic voltage for these
combinations and for the case with only one capacitor combination. For the
16 capacitor combinations the m a x i m u m harmonic voltage occurs with a
capacitor size of 85MVAr (two banks in bus A, two banks in bus B and one
bank in bus C). For example, at the 5th harmonic the maximum harmonic
voltage at the non-source bus for m a x i m u m capacitor connections is 0.025p.u.
while for a capacitor combination of 8 5 M V A r the maximum harmonic voltage is
0.09p.u. It is observed that the m a x i m u m harmonic voltage does not occur
always with maximum or minimum system capacitor connection.
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Figure 6.6 : Maximum Voltage Distortion for 16 and 1 capacitor combinations

In order to find the effect of capacitor location on harmonic voltage level, a
case was studied with the same 16 capacitor combinations as above but at
three other buses instead of the original A, B and C buses. It was found that
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the location of capacitors has a significant effect on the 7th harmonic voltage
distortion in the subsystem.

It is concluded that not only the capacitor size but also the capacitor
combination affects the propagation of harmonics. For example with several
capacitor banks at different locations, two capacitor combinations with the
s a m e size m a y give different harmonic voltage distortion. In order to find
accurately the effect of capacitors on each harmonic voltage distortion, it is
required to simulate all individual capacitors at their different locations.

Where harmonics may be a problem, in some installations there is a reactor
connected in series with the capacitor tuned at non-harmonic frequency to
reduce its resonance effect particularly at high harmonic frequencies. Where
this is done then harmonic distortion should be less than the figures in the
present study. It should be noted that most existing harmonic computer
programs do not allow for a representation of this reactance.

Case 3: Effect of Transmission and Subtransmission Line Outages.

For this case the following outages were investigated with the harmonic
current source at the 132 K V bus I as before:

(i) Subtransmission line outages in the neighbourhood of the harmonic
source in the subsystem.

(ii) Subtransmission line outages remote from the harmonic source but in
the s a m e subsystem as the harmonic source.
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i IQ

Transmission line outages in the main system at the supply point to the
subsystem.

(iv) Transmission line outages in the main system but remote from the
supply point of the subsystem.

Figure 6.7 shows the results of the outage of one 132 KV line and the case
with no outage. It w a s found that the outages of lines remote from the source
had little effect on harmonic distortion. Outages in the subsystem in the
neighbourhood of the harmonic source and s o m e of the outages in the main
system close to the supply point have a significant effect. These results were
obtained with no occurrence of a resonance condition. It is possible that the
outage of remote lines causes local resonance conditions and consequent
heavy voltage distortion.
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Figure 6.7: Maximum Voltage Distortion for Normal and Line Outage
Conditions
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Case 4: Effect of Non-Distorting Loads.

The computer program allows the representation of non-distorting loads such
as a constant impedance load or a motor load. The motor load is represented
by its equivalent circuit with reactances adjusted for the different harmonic
frequencies. The reactance of the magnetizing circuit and the harmonic
dependent of the motor slip is also modelled. In order to find the effect of nondistorting load on the harmonic voltage distortion the following loading
conditions were considered:

A: Subsystem load equal to the maximum peak load (1700 MW)
B: N o load in the subsystem

With no load representation, the harmonic voltage distortion is higher. At
lower harmonic frequencies the difference between the above two cases is
very significant. For example at the 5th harmonic it is about 5 0 % . At higher
frequencies the difference is not significant because the load has a higher
impedance.

Case 5: Propagation of Harmonics From Upstream System (Transmission
System1) to Downstream System (Subtransmission System).

In order to find how the harmonic sources in the upstream system (330 KV)
affects the harmonic voltage distortion of the subsystem (132 KV), harmonic
current w a s injected in the upstream system at the supply point to the
subsystem.

Figure 6.8 shows the m a x i m u m harmonic voltage in the

subsystem for the injection of harmonic current at two locations in the
upstream system. Depending on the location of the harmonic injection the
propagation of harmonics in the subsystem is changed. It is observed that the
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existence of harmonics in the upstream system has significant effect on the
harmonic voltage distortion of the downstream system.
0.08

10

20

Harmonic Order

Figure 6.8 : Maximum Voltage Distortion For Harmonic Current Injection at the
Main System

6.5 EFFECT OF SUBSYSTEM STRUCTURE ON HARMONIC
PROPAGATION

In order to find how the structure of a subsystem affects the voltage distortion
level, the harmonic voltage level of two other subsystems were obtained while
injecting a 1 p.u. harmonic current at the 132 K V voltage level within each
subsystem. O n e of these subsystems is fed from the strong point and the other
is fed from a weak point of the main system. Figure 6.9 shows the maximum
harmonic voltage in each subsystem. For a subsystem which is fed from a
weak point of the main system the level of harmonic voltage distortion is 36
times higher than the subsystem which is fed from strong point of the main
system.
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Figure 6.9 : Maximum Harmonic Voltage Distortion at Three Different
Subsystems

6.6 CALCULATION OF EQUIVALENT HARMONIC SYSTEM
IMPEDANCE

The aim of this section is to find at what voltage level and under what c
the equivalent harmonic system impedance can be assumed equal to
Thevenin impedance derived from fault level at power frequency. For this
purpose the exact equivalent harmonic impedance as seen from 11, 33 and
132 K V voltage levels have been obtained.

Figures ( 6.10 & 6.11 ) show the exact harmonic impedance (reactance and
resistance) as calculated with the computer program for an 11 KV bus. It also
shows the Thevenin impedance. It is observed that the two impedances (only
reactance part) are nearly the same. However if the power system elements
are modelled in detail in computer program the resistance part of the
impedance as shown in Figure 6.10 is very significant.
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Figure 6.10: Equivalent harmonic resistance as seen from 11KV bus
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Figure 6.11 : Equivalent harmonic reactance as seen from 11 KV bus. (a)
Thevenin model, (b) : exact value

The equivalent impedance as seen from 33 and 132 K V buses was obtained.
It w a s found that at all voltage levels the equivalent impedance is lower than
the Thevenin impedance.
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Effect of Network Parameter Changes on Equivalent
Harmonic Impedance

Frequently different line outages and capacitor switching occur in p
system. In this section the effect of network parameters changes at higher
voltage level on equivalent impedance as seen from distribution level is
calculated. This will help to find the requirement for the complexity of the
system modelling in simulation studies. For this purpose the following two
cases are studied:

Case ( A): Effect of Capacitor Switching
Case ( B ) : Effect of line outages

Case (A): Effect of capacitor switching:

In this section the equivalent system impedance as seen from 11 KV v
level is obtained for 40MVAr (1 bank) or 80MVAr (2banks) capacitor switching
at 132 KV level.

It was found that 132 KV capacitor switching has an effect of less t
reactance and with no effect on resistance part of the impedance. For this
case capacitor switching has not significant effect on impedance.

Case (B): Effect of line outages

For this case the effect of 132 KV line outages on equivalent harmon
impedance as seen from 11 KV level is investigated.
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Figure 6.12 shows the impedance as seen from 11 K V voltage level for 132
K V line outage. It is observed that for this particular case the line outage gives
to complex variation of harmonic impedance. This is a condition where the
equivalent system impedance can not b e represented by Thevenin
impedance even at 11 K V voltage level.
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Figure 6.12: Equivalent harmonic reactance as seen from 11KV bus for line
outage at 132 K V level, (a) : No line outage, (b): With line outage

6.7.

CONCLUSIONS

A computer program has been used to give the harmonic voltage distortion of
a multi- voltage level power system. In the program different line outages and
capacitor combinations can be simulated. It gives the m a x i m u m harmonic
voltage distortion and impedances for different system conditions. Different
data regarding the variation of harmonic voltage with respect to system
parameters are given.

In this Chapter the exact equivalent harmonic impedance as seen from
different voltage levels were also investigated. The aim is to find the
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conditions where the equivalent system impedance as seen from distribution
levels cannot be presented by a simple Thevenin impedance.

The results of this Chapter can be summarized as:

(i) Harmonic propagation and voltage distortion is affected not only by
capacitor location and size but also the capacitor combinations. M a x i m u m or
minimum capacitor connection does not

necessarily give the m a x i m u m

harmonic voltage distortion. The relationship between capacitor size and
harmonic voltage distortion level is not monotonic. For example with the
increase in subsystem capacitor size, the m a x i m u m harmonic voltage
distortion will increase for s o m e harmonic frequencies and decrease for
others.

(ii) Line outages in the main system as well as the subsystem affect the
harmonic propagation and the voltage distortion in the subsystem. The lines
which are close to the harmonic source location or close to the supply point in
the main system have significant effects on the harmonic voltage distortion.
Although it w a s found that remote line outages within the subsystem have little
effect on voltage distortion, it is recommended to investigate the outages of
these lines in case of the occurrence of a local resonance.

(iii) If the non-distorting load is represented by a combination of constant
impedance and motor loads, it has a significant effect on the voltage distortion
level. It w a s found that with no load representation a difference up to 5 0 % in
harmonic voltage distortion can occur at low harmonic frequencies and no
significant difference at high frequencies.
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(iv) The system harmonic voltage distortion varies significantly from point to
point of the system even at the s a m e subsystem and the voltage level. It was
found that the 5th harmonic voltage distortion for two different locations of
harmonic current injection at the 132 K V voltage level varies by a factor of 1.6.

(v) The structure of the subsystem affects significantly the propagation of
harmonics in the subsystem. A subsystem which is fed from a weak point of
the main system causes m u c h higher harmonic voltage distortion. It was
found that the m a x i m u m 5th harmonic voltage distortion in a weak subsystem
is nearly 36 times greater than for the strong subsystem for the s a m e size of
distorting load. W h e r e there is s o m e flexibility for the location of a new
harmonic source this type of information can be useful.

(vi) The existence of harmonics in the upstream system has considerable
effect on the harmonic voltage distortion level of the downstream system.

(vii) With the aid of computer program the data of harmonic voltage distortio
with respect to different system conditions was obtained. From this data the
number of occurrences of the maximum, minimum and m e a n of voltage
distortion can be obtained. The data can be used to give the probability
distribution curve for harmonic voltage distortion.

(viii) When the equivalent impedance is calculated from an 11KV bus, the
reactance part of the impedance is equal to the Thevenin impedance under
normal system condition. However if the power system components are
modelled accurately in the computer program, the resistive part of the
impedance will be significant as compared with the reactance part at some
harmonics. Capacitor switching at the 132 K V level decreases the equivalent
impedance by nearly 1 0 % . It has more effect at higher frequencies rather than
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lower ones. With s o m e of the line outages at 132KV, a complex variation in
harmonic impedance instead of strait line is obtained.

When the equivalent impedance is calculated from 33 and 66 KV voltage
levels, the reactance part of the impedance is much lower than the Thevenin
impedance.

Finally, The results obtained in this chapter will be used to develop a
methodology for calculation of statistical data of harmonic voltage distortion
level in a large power system.

CHAPTER 7
HARMONIC CURRENT DISTORTION LEVEL OF
DISTRIBUTION FEEDERS
( MODELLING OF LOADS IN FREQUENCY DOMAIN PROGRAM)

7.1

INTRODUCTION

One of the most important areas in harmonic analysis is accurate load
modelling of distorting and non-distorting loads in the frequency domain
computer programs. S o m e efforts have been m a d e for modelling of harmonic
current sources with deterministic and probabilistic methods [39, 43-46].
However the proposed models are for s o m e specific non-distorting loads and
particular locations. Consequently they cannot be used for investigation of
harmonic voltage distortion level of a large system. O n e practical method is
representation of distribution feeders with different load category (residential,
commercial and industrial) by an ideal ac current source. To achieve this, it is
necessary to obtain accurate harmonic magnitudes at the Point of C o m m o n
Coupling ( P C C ) by test measurements or by computer modelling of the
feeders.

This Chapter provides some information about the harmonic current level to
be expected on distribution feeders. The preliminary aim is to derive a model
for distribution feeders for existing commercial harmonic analysis computer
programs. A summary of the results of more than 1000 test measurements as
performed by different utilities are given. T h e main problems regarding
harmonic modelling of distribution feeders with different load categories,
namely residential, commercial and industrial, are discussed. A technique is
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proposed to give harmonic current distortion level of feeders with mixed load
categories.

The harmonic current distortion level on a distribution feeder varies according
to the type of the feeder load categories. O n residential feeders distorting
loads include television, air conditioners and fluorescent lamps. O n industrial
feeders it is mainly large adjustable speed drives and perhaps on s o m e
feeders arc furnaces. O n commercial feeders it is mainly air conditioners,
fluorescent lamps and computers.

To represent the distribution feeder as a frequency dependent constant
current source, extensive measurements of harmonic current are needed.
M a n y utilities have performed tests to check specifically whether the harmonic
distortion levels are compatible with international standards.

However,

examination of the literature[47-54] shows that the existing test data is of no
direct value because:

(1) Most of the information is about harmonic voltage distortion level.

(2) In most of the tests the type of load category of the distribution feeders
has not been determined.

(3) Some of the results are for mixed feeders with different load categories
but the proportion of each load category has not been given.

(4) Most of the tests have been performed for distribution systems in the
United States and the results m a y not be applicable to other countries.
For example the data is for multiple and direct grounded distribution
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systems. In addition there are many single phase feeders giving
unbalanced loading.

(5) From various tests performed by different utilities, it was found that for
the s a m e load category of a feeder, e.g. a feeder with 1 0 0 % residential
load, the harmonic current distortion level is different. In other words it
is impossible to say that residential feeders have a specific amount of
5th harmonic current distortion. Consequently a range of harmonic
current distortion level for each load category is given.

(6) Most of the data is about the predominant harmonic current level (the
3 r d and the 5 ™ harmonic). Little data is available which gives harmonic
current level at higher harmonics.

(7) One of the most difficult problem in data analysis is the diversity of
loads during measurements.

(8) Some of the measurements are at the individual consumer load
location instead of the feeder supply point.

With regard to above problems, some test measurements have been made in
the local lllawara Electricity Network. The main objective of these tests is only
to measure individual harmonic current distortion level of distribution feeders
with different load categories.

7.2

BASIC DEFINITIONS OF HARMONIC DISTORTION

In this report the following definitions for harmonic distortions have been used:
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•Harmonic Current Distortion (%)

Dh(%)= 100 ^

(1)

-Total Harmonic Current Distortion (%)

h=N

THD| (%) =100

i

h=2
—J-p-

(2)

-Total Harmonic Current Distortion Factor (%)

/h=N
h=N

Ilh
A/ I'
HD| (%) =100
1
,100 -V=*

2

h 2

(3)

•base

Where, Ih

: individual harmonic current level

|Dase: maximum fundamental load current [49]
N

: upper limit of harmonic order of interest are usually 25 or 50
in a 50 H Z system

Some utilities use Total Harmonic Distortion Factor (HD) instead of T
Harmonic Distortion (THD). The T H D factor depends on the fundamental
component at the time of reading. Consequently T H D values can vary
independently from the actual magnitudes of the harmonic components. The
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HD factor does not depend on the variation of the fundamental feeder load
current and depends only on the harmonic components. T H D factor is more
c o m m o n and most of the International Standards are based on THD.

7.3 SURVEY OF HARMONIC MEASUREMENTS

The results of harmonic test measurements of various utilities in the U.S.A.
as follows:

(1) SOUTHWESTERN ELECTRIC POWER SYSTEM [47]

This utility selected 76 different sites for measurements. 37 sites are
substations and 39 are individual load sites. For our purpose, information
about substation sites is more useful than that for the individual load
consumer.

Individual loads included, commercial sites, heavy and light

industries. Commercial sites included, a school, hospital, shop and motel.
The industrial sites included, a chemical, oil refinery, car assembly, glass,
cable, rolling mill and food processing plants. Information regarding each site
has been given for the predominant harmonic current and voltage distortion
level. Individual load site information m a y be useful if the structure of the
feeder is known, e.g. the number of schools, motels etc. Practically the
collection of this sort of data is not possible.

The 37 substation sites for test measurements included residential,
commercial and industrial feeders. Figure 7.1 shows the distribution of
harmonic levels at the different sites. It w a s also found that:

a) Substations serving primarily residential load have (THD)| <5%
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b) Substations serving primarily commercial and industrial loads have (THD)|
>10%

c) Principal harmonic components are the odd harmonics from the 3rd fo the
13th.

Unlike the load site measurements, no individual harmonic current distortion
level for each load category at the substation sites has been given.
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Figure 7.1: Distribution of Harmonic Levels at the Different Sites.

(2) NEW ENGLAND POWER SERVICE COMPANY [48]

This utility has taken measurements at the sending end of five distribution
feeders which supply commercial, residential and industrial load. T h e
maximum harmonic current levels during day and night have been measured.
Data regarding individual and total harmonic current distortion is given in
Tables I & II.
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Table I: Harmonic current distortion during day measurements

Feeder

3rd(%)

5th(%)

7th(%)

9th(%)

THD(%)

A

5.8

3.8

0.8

0.15

7

B

3.8

1.1

0.3

0.2

4

C

2.5

2.5

1.3

0.25

3.8

D

0.9

1.6

0.9

0.45

2.1

E

0.34

0.9

0.3

0.05

1

Table II: Harmonic current distortion during night measurements

FEEDER

3rd(%)

5th(%)

7th(%)

9th(%)

THD(%)

A

1.4

9.3

2.8

1.1

12.1

B

4.9

1.2

0.1

0.12

5

C

1.25

0.95

0.62

1.25

2.1

D

1.4

2.3

1.2

0.9

3.8

E

0.62

0.62

0.4

0.1

1

The type of load category of each feeder is not known. As a guess feeder A
has high 5th, 7th and T H D harmonic distortion and can be classified as
industrial feeder.

Feeders B & E can be commercial and residential

respectively.

(3) AMERICAN ELECTRIC POWER DISTRIBUTION SYSTEM [49]

This utility has performed tests on seven distribution feeders classified as
residential, commercial and industrial feeders. The definition of total current
distortion factor is based on equation (3). Information regarding harmonic
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current distortion level has been shown in Table III. Only the average
predominant harmonic current distortion level has been given. Most of the
distortion is due to the 5th and 3rd harmonics. The main advantage in the
measurements of this utility is the specification of the load categories.

Table III: Harmonic current distortion level

FEEDER

(HD)MAX,%

(HD)MIN, %

(HD)AV, %

TYPE

DOMINANT
HARMONIC/
(AV,%L

RES

3.36

1.82

2.58

5TH/1.58

COMM

4.56

2.04

3.13

3rd/2.65

IND

4.58

1.22

2.79

5TH/2.48

RES+COMM 5.42

3

3.84

5TH/2.72

RES +COMM 4

1.59

2.36

5TH/1.72

RES +COMM 29.7

3.88

15.33

5TH/14.97

+ IND

It is observed the 3rd harmonic on commercial feeder is high. This may be
mainly due to the application of fluorescent lamp electronic ballasts and
personal computers on these feeders.

(4) SOUTH PACIFIC POWER COMPANY [50]

This utility has performed 1120 test measurements at six substations wit
residential, commercial and industrial loads. Measurements were taken for
summer and winter for transmission (69 K V above) and distribution systems.
The type of load categories of the feeders are not known. The dominant
components of harmonic distortion are the 3rd and the 5th harmonics. Tables

Chapter 7. Harmonic Current Distortion Level of Distribution Feeders

\28

IV & V s h o w the average individual harmonic current distortion and the
m a x i m u m total harmonic current distortion .
Table IV: Average values of harmonic current distortion for distribution feeders
taken from reference [26]

FEEDER

3rd(%)

5th (%)

THD, A V E (MAX)

1)summer**

3.03

3.54

5.47(17.7)%

2)winter**

2.86

3.46

5.14(13.1)

3)summer

2.94

3.5

5.3(17.7)

4)summer*

0.79

4.15

4.56 (9.8)

5)winter*

1.02

5.34

5.83 (22.8)

6)summer

0.91

4.74

5.20 (22.8)

7)summer

2.27

3.6

4.98(10.1)

8)winter

2.35

4.07

5.44 (22.8)

&winter**

&winter*

* * : Multiple grounded distribution feeders
* : Direct grounded distribution feeders
Table V : Harmonic current d istortion for transmission systems
FEEDER

3rd (%)

5th (%)

THD (%)

1

0.77

2.45

8.98

2

0.9

3.97

17.1

3

0.84

3.23

17.1

4

1.97

3.03

12.5

5

1.1

4.9

13.5

6

1.53

3.96

13.5

7

1.01

2.79

8.98

8

1.23

4.4

17.1

!
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Based on above results the range of harmonic current distortion for distribution
system are obtained as follows:

3rd harmonic : 0.79-3.03%
5th harmonic : 3.46-5.34%
THD

: 10.1-22.8%

For transmission system the range is:

3rd harmonic : 0.77-1.97%
5th harmonic : 2.45-4.9%
THD

: 8.98-17.1%

As a guess the 3rd harmonics for residential, commercial, industrial feeders
are 0.77%, 2 % and 3 % respectively. The 5th harmonics for residential and
industrial feeders are 3.46% and 5.34%.

(5) lllawara Electricity of Australia

As mentioned earlier, no utility has performed harmonic measurement tests
particularly for derivation of computer modelling of distribution feeders. For
this reason several test measurements have been m a d e in the local lllawara
Electricity network at the sending end of the 11 K V distribution feeders with
industrial, commercial and residential loads. The variation of harmonic current
and voltage distortion level for every 24 hours for several days measurements
have been obtained. The results of these tests are as follows:

(i) Mixed loads of residential, commercial and light industrial loads
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This feeder is supplied from 132/11 KV transformers. Figures (7.2 &7.3) show
the variation of the 3rd, 5th, 7th, 9th and T H D for current and voltage for one of
the measurements. In addition the variation of load current has also been
shown. It is observed that the maximum of each harmonic occurs at different
time within an hour. The m a x i m u m of the feeder load is 155 A and occurs at
10.00 hour. The m a x i m u m of the 5th harmonic is 3.9A (3%) and occurs at 17.9
hour. The m a x i m u m of the 7th harmonic is 2.3 A(1.8%) and occurs at 19.3
hour. The m a x i m u m of T H D is 4.3 A (3.3%) and occurs at 18.00 hour. .
Figure 7.4 shows the spectrums of harmonic current and voltage when the
maximum of total harmonic current and voltage distortion level occurs. Tables
VI & VII show the m a x i m u m of the magnitudes of the harmonic current and
voltage distortion levels.

(ii) Residential Feeder

The 11KV residential feeder is supplied from 132/11 KV transformers. Figure
7.5 shows the spectrum for maximum harmonic current and voltage distortion
levels. Tables VI & VII show the m a x i m u m harmonic current and voltage
distortion levels.
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lllcV Dist Feeder Mixed Load - C;om./tnd./Dom.
Harmonic Current Distortion U N D 2 : 2 4 - 2 7 September 1993
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Figure 7.2: Variation of Harmonic Current Distortion Level for Mixed Load(A)
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Figure 7.4: Spectrum of Harmonic Current (A) and Voltage (%) for Mixed Load ' "
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Commercial Feeder

This feeder is supplied from 132/11 KV transformers. Figure 7.6 shows the
spectrum of the m a x i m u m harmonic current and voltage distortion level.
Tables VI & VII show the maximum harmonic current and voltage distortion
levels.

KYC2 11 KV Dist. Feeder
'05 January 1993

current voltage
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Figure 7.6: Spectrum of Maximum Harmonic Current and Voltage for
Commercial Feeder
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Table VI : Harmonic current distortion level (%) for residential,
commercial and mixed 11KV feeders

Harmonic order

Residential (%) Commercial (%) Mixed(%)

3

0.77

1

5

1.4

1.5

3.9

7

0.3

0.7

1.8

11

0.23

0.33

13

0.15

0.2

17

0.23

0.2

19

0.15

0.1

23

0.08

0.13

25

0.04

0.07

THD

1.5

1.7

4.2%

Table VII : Harmonic voltage distortion level (%) for residential,
commercial and mixed 11 K V feeders

Harmonic order

Residential,%

Commercial,%

Mixed,%

3

0.12

0.2

0.26

5

1.3

1

1.3

7

0.77

0.8

0.8

11

0.04

0.2

0.28

13

0.08

0.03

0.18

17

0.08

0.04

0.07

19

0.04

0.07

0.033

23

0.04

0.04

0.03

25

0.04

0.07

0.03

THD

1.54

1.33

1.4
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It is observed that the harmonic current and voltage distortion leve
distribution feeders with different load categories are within the standard limits.

7.3.1 SUMMARY OF HARMONIC CURRENT MEASUREMENTS
AS OBTAINED BY DIFFERENT UTILITIES

The useful data for harmonic modelling of distribution feeders based
above information is shown in Tables VIII, IX, X. At this stage It is
recommended to select the highest individual harmonic current distortion level
To obtain more suitable values a numerical

for computer modelling.

technique as shown in Appendix C can be used.

Table VIII : Harmonic current distortion of distribution feeder with residential
load .
UTILITY

3rd(%)

5th(%)

7th (%)

THD(%)

1(USA)

.

_

.

<5

2(USA)

0.34-0.62

0.62-0.9

0.3-0.4

1

3(USA)

.

1.58

.

_

4(AUST)

0.77

1.4

0.3

1.5

RECOMMENDED

0.7

1.6

0.5

HD(%)
—

3.36

3.4

Table IX : Harmonic current distortion of feeder with commercial-load

UTILITY

3rd(%)

5th(%)

7th(%)

THD(%)

HD(%)

1(USA)

_

_

„

>10

_

2(USA)

.

1.1-2.5

0.1-1.3

4-5

-

3(USA)

2.65

_

.

_

4.56

4(AUST)

1

1.5

0.7

1.7

RECOMMENDED

2.7

3

1.3

<10
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Table X: Harmonic current distortion of distribution feeder with industrial load
(light to moderate industrial load)

3rd(%)

UTILITY

5th(%)

7th(%)

1.4-5.8

7.4

3.8-9.3

0.8-2.8

12.1

2.48

3(USA)
RECOMMENDED

HD(%)

>10

1(USA)
2(USA)

THD(%)

6

9

4.58-29.7
3

20

CONCLUSIONS

In this Chapter the computer modelling of distribution feeders as harmonic
current sources w a s discussed.

The results of more than 1000 test

measurements performed by different utilities were analyzed. In addition
some test measurements were performed in the local lllawara Electricity
network on distribution feeders with different load categories. Base on these
data, harmonic current distortion levels for the three class of loads as shown in
Tables VIII, IX, X are recommended. This data can be used for feeders with a
single or mixed load type. To model feeders with mixed loads, the proportion
of each load category on the feeder should be known.

To obtain more accurate data, a technique using least squares has been
proposed to give individual harmonic current distortion for each class of load
category.

CHAPTER 8

STATISTICAL ASSESSMENT OF THE HARMONIC VOLTAGE
DISTORTION LEVEL IN A LARGE POWER SYSTEM
(PART I, VARIATION OF THE HARMONIC VOLTAGE DISTORTION
LEVEL WITHIN A PARTICULAR SYSTEM )

8.1. INTRODUCTION

In a large power system, harmonic voltage distortion levels vary as the system
configuration is changed.

Frequently, different line outages, capacitor

switching and loading conditions m a y occur. Changes in the network will give
different values of the harmonic voltage distortion levels. In addition, for any
particular system configuration, the harmonic voltage distortion level is not the
same at all locations. All of these factors will lead to a very large number of
samples. T o represent this data in a convenient way, statistical techniques
should be used.

Most previous computer studies have been made for evaluations of the
harmonic voltage distortion level for a limited number of system configurations.
In most of these programs the data input should be entered separately for
each system configuration. S o m e of these programs allow to evaluate
harmonic voltage distortion levels with different capacitor combination only at
the location of a particular distorting load [18].
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The harmonic distortion level should be evaluated for an entire system based
on a distribution representing both the time and space variations in the
disturbance. Consequently one should investigate every combination of the
capacitor connection at all system buses and line outage which would occur at
least once per year. In practice one does not know the occurrence number
and duration time and a simplified approach has to be used. The approach
here has been to work out all possible incidents and to examine the statistical
data and histogram results. However, this approach m a y not be suitable if
system conditions remain in extreme conditions (e.g. at m a x i m u m or minimum
harmonic distortion levels) for long period of the time.

For harmonic management we are interested more in typical harmonic
distortion levels rather than in worst case ones that m a y occur with very low
probability. Consequently the m a x i m u m harmonic voltage distortion level m a y
be a very conservative value for comparison with compatibility levels as
assigned in standards. For example IEC Standard [4] recommends 9 5 % level
instead of the m a x i m u m value for comparison with compatibility limit.

The statistical data as discussed in different publications and standards is
based on harmonic measurements mostly for duration of one week[62]. For
this period it is possible only limited line outages and capacitor switchings
occur. Consequently the variation of the statistical data will be mostly due to
system load variations rather than all system configurations as considered in
this chapter.

Statistical techniques have been applied to harmonic data as obtained from
test measurements.

Various graphic facilities have been used for

representation of the data [80]. In s o m e studies minute values, trend lines,
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histograms and probability curve have been presented. In minute value
representation, the harmonic amplitude is plotted directly against time. In
trend lines, the mean, the m e a n of upper and lower quartile of individual
harmonics is plotted versus time. In histograms, the number of occurrence of
each harmonic level is drawn against the harmonic level. The cumulative
curves shows the number of samples which exceed a certain value. In all of
these representations, the harmonic distortions have been measured versus
time for a limited period of time and locations. In most of the cases the
maximum, minimum and the average values have been obtained.

Statistical techniques have been applied to derive harmonic modelling for
various individual harmonic current sources such as A C / D C converter and
electric vehicle battery charges [11, 44].

Statistical methods have also been used for the calculation of the harmonic
voltage distortion levels where the phase angle and the magnitude of the
harmonic sources vary randomly [32-37].

In these studies it has been

assumed that the other network parameters such as system capacitance does
not change. This approach is useful for harmonic sources with D C drives
where the phase angle varies independently. However, with the increased
use of the A C drives and equipment with diode rectifiers, the variation of the
phase angles of the harmonic sources is very limited.

Existing harmonic standards give a different limit for each voltage category.
these limits are not well coordinated then there will be unnecessary restriction
of harmonic injection. The proper coordination of voltage limits is difficult to
investigate experimentally since it would
simultaneous data logging.

require widespread

and

This chapter describes a computer-based

technique which can be used to investigate this problem. The approach is
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statistical and accounts for variations in the Space Domain (at different
busbars in the system) and the Time Domain (with different capacitor
connections and line outages). For this purpose a computer program [66] has
been modified for the calculation of the harmonic voltage and the statistical
data.

The results of numerous computer studies are displayed by histogram and
cumulative probability curves. These are analyzed to give the statistics which
best describe the harmonic voltage distribution. The magnitude and shape of
the harmonic voltage distribution for different domains (Space, Time and
Space/Time Domain) at various voltage levels are obtained. Variation of the
statistical data with respect to the voltage level is obtained and suitability of the
9 5 % level for the assessment of the harmonic voltage distortion level is
discussed.

Numerous computer studies have been made to determine factors that affect
the statistical results such as m a x i m u m value, standard deviation and
distribution shape. These studies included weak and strong systems at peak
and light load conditions at different voltage levels. It w a s found that there are
s o m e characteristics which differ for weak and strong systems, for example,
the shape of the distribution.

The computer program has been applied to investigate the following cases:

(1) Magnitude and shape of harmonic voltage distribution within a
particular sub-system (studied sub-systemjwhich includes voltages
from 11KVto 132KV (Parti).

(2)

Variation of statistical data between different sub-systems (Part II).
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The sub-systems have been connected to the transmission system (330 and
550 KV) via H V / M V transformers at least in two locations.

In Part I, the magnitude and shape of the harmonic voltage distribution is
obtained for the following cases:

(i) Space domain
(ii)

Time domain

(Hi) Space/Time

domain

The magnitude and shape of the harmonic voltage distribution for different
domains at various voltage levels is discussed. The main aim is to find the
relationship between the statistical data at different domains. This will help to
find at what voltage level if harmonic measurements are m a d e at a few buses
for a short time(Space Domain), the results can be related to the Time/Space
Domain (e.g. test measurements at all buses for a long period of time).

The effect of the capacitor switchings and line outages on the statistical da
investigated separately. A comparison is m a d e to find which one has the
highest effect on the harmonic voltage distortion level.

Due to the uncertainty on the size and type of the distorting loads, sensitiv
analysis has been performed to find the effect of the individual current
distortion level and the proportion of each load category on the statistical data.

The obtained results allow the comparison between the harmonic voltage
distortion level ( 9 5 % level) and the compatibility levels to be m a d e more
accurately.
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8.2. COMPUTER PROGRAM

The computer program used for the calculation of the statistical data of the
harmonic voltage distortion level has been developed by the Pacific Power
C o m p a n y and the University of Wollongong, Australia. The existing and
modified version of the program have been described in detail in Appendix D.

It allows the representation of non-distorting loads such as a constant
impedance load or a motor load. The motor load is represented by its
equivalent circuit with reactances adjusted for different harmonic frequencies.
The reactance of the magnetizing circuit and the harmonic dependent of the
motor slip is also modelled.

The program allows detailed representation of frequency dependence of
transmission lines and transformers. The skin effect has been considered for
line modelling.

The proportion of each distorting load category ( residential, commercial and
industrial loads) can be represented at each load busbar. In addition the level
of individual harmonic current distortion level for each load category can be
selected.

Different line outages and capacitor combinations within only the studied
system can be represented while the configuration for the rest of the system
remain unchanged. The program calculates the various statistical data for
each combination as well as all combinations.
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The most basic kinds of statistical summary are those which describe central
values and variability. The statistical data as obtained by the computer
program covers more than the basic data and can be classified as follows:

(1) Histogram and Cumulative Curve: these statistical curves were
selected to give the shape of the harmonic voltage distribution.

(2) Maximum harmonic voltage distortion level at each voltage level from
transmission (330 KV) down to the distribution level (11 KV): the
m a x i m u m value can give an indication of abnormal system condition
such as the occurrence of a resonance.

(3) Mean value of harmonic voltage distortion at each voltage level:
the m e a n value indicates h o w big are the samples.

(4) The 95% level (the level which 5% of the samples exceed that level):
the m a x i m u m level does not indicate the severity of the harmonic
voltage distortion level since the probability of its occurrence m a y be
low. The 9 5 % level is a good indicator for the harmonic voltage
distortion level of a system and can be a suitable value for equipment
design (Part II). This value has also been recommended by IEC
Committee for the evaluation of the harmonic voltage distortion level.

(5) Standard deviation : the samples are distributed around the central
value, s o m e larger and s o m e smaller. The standard deviation gives
the level of variability or spread of the samples with respect to the
m e a n value.

\4
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The percentage of the samples which exceed the harmonic voltage
limit (AS2279) at each voltage level : this can indicate the
adequacy of existing harmonic voltage limits at different voltage
levels.

The statistical data is obtained only for the 5th and 7th harmonics. The dat
for the 3rd harmonic is not calculated since most distribution transformers are
Delta-Star connected, as a result the 3rd harmonic does not penetrate to the
subtransmission system under normal system condition. In addition the
statistical data of higher order harmonics is not presented since they are less
important than the low order harmonics. However higher order harmonics can
also be studied by the program if the data for individual harmonic distortion
level is available.

8.3. DESCRIPTION OF THE STUDY SYSTEM AND HARMONIC
LOAD MODELLING

The illustrative transmission power system and the studied sub-system which
most of results have been obtained are the interconnected network of the
Pacific Power Company, Australia and the Sydney West Sub-system. The
single line diagrams of these systems have been shown in Figures E.1 and
E.2 in Appendix E. The transmission system consists of 500, 330 and 220 K V
voltage levels. The studied subsystem is a typical large metropolitan system
with a m a x i m u m load of 1700 M W . In this subsystem all of 132 K V lines and
132/33 K V transformers have been represented.

T h e total installed

capacitance in the subsystem is 440 M V A r connected mostly at 33 voltage
levels. T h e size and the number of capacitor banks can be represented
accurately at different buses. Most of the load has been represented at 33 K V
buses except for a few buses which has been shown at 132 K V buses. In
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addition most of 132 and 3 3 K V buses have been selected for the calculation
of harmonic voltages.

For harmonic load modelling, the individual harmonic current distortion leve
has been selected based on the test measurements for different load category.
This data w a s obtained in Chapter 7 and a summary of the results has been
shown on Table I. Table II shows the classification of load category for each
system. This classification w a s roughly estimated based on the existing data.
It also shows the net individual harmonic current distortion level for each
system.
T A B L E I : Individual Harmonic Current Distortion Level (%) for Each Load
Category

Harm-Order

5th

7th

Residential

1.6

0.5

Commercial

3

1.3

Industrial

9

3

Load Category

8.4.

APPLICATION OF STATISTICAL TECHNIQUES IN TIME AND
SPACE DOMAIN

The magnitude and shape of the harmonic voltage distribution within a system
varies at different voltage levels, locations and system configurations. This
variations can be classified in different domains such as space, time and
space\time domains. T o obtain the similarity between the different domains,
harmonic voltage distortion levels for the 5th harmonic were obtained for the
following cases:
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C a s e 4.1: Variation of the harmonic voltage distortion level at one bus
with all possible system conditions, e.g. for all capacitor
configurations or line outages (Time Domain)
C a s e 4.2:

Variation of the harmonic voltage at different buses for one
incident, e.g. for one particular capacitor configuration and no
line outages (Space Domain)

C a s e 4.3 : Variation of the harmonic voltage at different buses for all
incidents (Space/Time Domain)

T A B L E II : Load Classification and Total Individual Harmonic Current
Distortion Level (%) for Each system

Sys

Resident Commer

1-Arm

50%

2-Can

Industria

I3(%)

I5(%)

I7(%)

50%

0

1.7

2.3

0.9

40%

40%

20%

2.6

3.6

1.3

3-Dap

50%

0

50%

3.3

5.3

1.7

4 Dar

50%

50%

0

1.7

2.3

0.9

5-New

50%

0

50%

3.3

5.3

1.7

6-Sye

33%

33%

33%

3.1

4.5

1.6

7-Syn

33%

33%

33%

3.1

4.5

1.6

8-Sys

33%

33%

33%

3.1

4.5

1.6

9-Syw

33%

33%

33%

3.1

4.5

1.6

10-Tam

50%

50%

0

1.7

2.3

0.9

11-Wag

50%

50%

0

1.7

2.3

0.9

12-Wal

70%

0

30%

2.3

3.8

1.2

13-Wel

70%

0

30%

2.3

3.8

1.2

14-Yas

70%

0

30%

2.3

3.8

1.2

15-Vic

50%

50%

0

1.7

2.3

0.9

i
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The statistical data has been obtained for the studied system for the 132 and
33 K V voltage levels for the above cases. Histogram and cumulative curves
are used for the representation of the data. In addition, the maximum, mean,
standard deviation and 9 5 % level are given. Hence in all of the histograms
the magnitude of the harmonic voltages are expressed in terms of the
percentages of the maximum value and the maximum value is not counted.

Case 4.1: Variation of the harmonic voltage distortion level at one bus
(Time Domain)

For this case the statistical data for one bus is obtained for changes in sy
condition caused by:

Case 4.1.1: Capacitor combinations
C a s e 4.1.2:

Line outages

For this investigation 3 different buses (ai, b-|, ci) at each voltage level
been considered. The locations of these buses have been shown in Figure
E.2 Appendix E. At 132 KV, at bus 'aV (No 4) a switchable capacitor has been
connected. Buses 'bi' and 'ci' (Nos 10, 45) are supply points. At 33 KV, at
bus 'a2' (No 30) a switchable capacitor has been connected. Buses 'b2' and
'C2' (Nos 32 , 34) are load buses.

Case 4.1.1: Capacitor combinations

For the peak load condition, the capacitor bank combinations are as shown in
Table III. The locations of capacitors have been shown in Figure E.2 Appendix
E. At peak load, the number of the capacitor banks at each location is either
m a x i m u m or one less. This capacitor configuration practically occurs for
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boosting the system voltage during peak load condition. For those locations
where only one capacitor bank exists, it is assumed that the capacitor is in
service. This gives a total number of 64, for all capacitor combinations.

T A B L E III : Capacitor Combinations for Peak Load Condition

Bus Number

Voltage(KV) Bank Size:MVAr Min Banks

Max Banks

29

66

20.0

2

30

33

15.0

2

31

33

15.0

4

132

80.0

1

33

33

15.0

1

34

33

10.0

2

35

66

20.0

1

35

66

40.0

1

35

66

14.0

1

35

66

20.0

1

36

33

20.0

1

36

33

15.0

2

3

39

33

20.0

3

4

3

4

Histograms for different voltage levels have been shown in Figure 8.1. Table
IV shows the statistical data ( as indicated by (a1)). At 132 KV, the statistical
data is above the limit but at 33 K V level it is within the limit. From statistical
data it is observed that the 9 5 % level is close to the maximum and the limits
decreases at high voltage much more rapidly than the 9 5 % level. The m e a n is
smaller than the m a x i m u m voltage at low voltage than high voltage and the
standard deviation is m u c h larger at low voltage than high voltage.

i4
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Figure 8.1 : Histograms in Time Domain for different capacitor combinations
(a):132KV

(b): 33 K V

In order to investigate how the selection of the bus affects the statistical data in
Time Domain, the data for two other buses at 132 and 33 K V voltage levels
was obtained. Table IV shows the statistical data ( as indicated by (b) and (c))
and Figure 8.2 shows the histograms. It is observed that for 132 K V buses, the
statistical data does not vary significantly. However for 33 K V buses the
variation particularly for the maximum, 9 5 % level and standard deviation is

[4
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significant. This conclusion is generally correct for other buses as will be
discussed further in Case 4.2.

TABLE IV: 5th Harmonic Voltage Distortion in Time Domain for Different
Capacitor Combinations (a= First bus, b= Second bus, c= Third bus)

Voltage Level

Max (%) Mean (SD) % 95%Level Percent
Exceed

(KV)

LimitAS2279

Limit
132

(ai)

1.5(0.12)

1.7

100

1.3(0.18)

1.5

89

1.7(0.15)

1.94

100

(a2) 2.8

1.7(0.5)

2.6

0

(b2) 1.9

1.6(0.15)

1.9

0

0.8(0.15)

1.06

0

1.75

(bl) 1.6
(C1)

33

(C2)

1.97

1.09
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(b)
Figure 8.2 : Histograms in Time Domain for different capacitor combination for
the second bus. (a): 132 K V (b): 33 K V

Case 4.1.2 : Different line outages

For this case, 6 line outages (132 KV) and two supply point
transformers(330/132 K V ) within the strong system have been considered.
The line outages (Figure E.2 Appendix E) are line numbers 93L, 93M/2, 9J1,
93Y.930 and 942. The transformer outages are N o 1 transformers at buses 1
and 2. From this Figure the relationship between the monitored buses and the
selected line outages can be found. These lines were selected since they are
the main subtransmission lines (132 KV) within the subsystem and supply
major loads. Table V shows the statistical data and Figure 8.3 shows the
histograms at various voltage levels. The same observations as Case 4.1.1
can be m a d e for the variation of the statistical data with respect to the voltage
level.

Comparison between the effect of the line outage and capacitor combination
on the harmonic voltage distortion level will be discussed in section 4.
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TABLE V

: 5th Harmonic Voltage Distortion in Time Domain for Different Line

Outages

Voltage Level

Max (%)

(KV)

Mean

(SD) 95%Level Exceed

%

Limit-

Limit(%) AS2279

132

1.4

1.3(0.03)

1.4

33

2.7

1.9(0.4)

2

100

1

80

2
o

60 H
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Figure 8.3 : Histogram in Time Domain for different line outage
(a): 132KV (b): 33 KV
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Case 4.2 : Variation of the harmonic voltage at different buses for one
incident (Space Domain)

For this case, statistical data is obtained over all buses at 132KV and 33
voltage levels for a fixed system configuration (e.g. maximum capacitor banks
at each bus and no line outages).

Table VI shows the statistical data and Figure 8.4 shows the histograms fo
132 and 33 K V buses. The same observations regarding the variation of the
statistical data with respect to the voltage level as in Case 4.1.1 can be made.

TABLE VI: 5th Harmonic Voltage Distortion in Space Domain

Voltage Level

Max (%) M e a n (SD) % 95%Level

(KV)

Percent

Limit-

Exceed

AS2279

Limit
132

1.6

1.12(0.4)

1.5

64

1

33

3.3

1.6(0.9)

3.2

0
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Figure 8.4 : Histograms in Space Domain for different capacitor combinations
(a):132KV (b): 33 KV

Case 4.3 : Variation of the harmonic voltage at different buses for all
incidents (Space/Time Domain)

The statistical data for all buses at each voltage level is obtained for chan
in system condition caused by:

Case 4.3.1 : Capacitor configurations
Case 4.3.2 : Line outages
Case 4.3.3 : Combination of line outage and capacitor combination

Case 4.3.1: Capacitor configurations

For this case, the same capacitor combinations as in Case 4.1.1 has been
considered. Table VII shows the statistical data and Figure 8.5 shows the
histograms. Figure 8.6 shows the cumulative curves for the 5th harmonic at
different voltage levels. From these graphs the harmonic voltage level which
certain percentage of the samples exceed that level can be determined. For
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example for the 5th harmonic at 132 KV level, the 95 %level is 87% of the
maximum.

TABLE VII : 5th Harmonic Voltage Distortion in Time /Space Domain for
Different Capacitor Configurations

Voltage Level Max (%) Mean (SD) 95%Level Percent
(KV)

Exceed

%

LimitAS2279

Limit
132

2.2

1.3(0.5)

1.9

69

1

33

4

1.8(1)

3.7

0

4

-r—T

z

0

1

1 1 1

1—r

20 40 60 80 100 120
Harmonic Voltage (% Maximum)

(a)

0

—' '

0

1

Number of Samples(%Total)

1

c
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Figure 8.5 : Histogram in Time/Space Domain for different capacitor
combinations, (a): 132 KV (b): 33 KV
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(b)
Figure 8.6 : Cumulative Curve in Time/Space Domain for different capacitor
combinations, (a): 132 K V

Case 4.3.2

(b): 33

Different line outages

For this case, the same line outages as in Case 4.1.2 are considered. Table
VIII shows the statistical data and Figure 8.7 shows the histograms of the data.
Comparison between the effect of the line outages and capacitor
combinations on the harmonic voltage distortion level will be discussed in
section 4.

TABLE VIII : 5th Harmonic Voltage Distortion in Time /Space Domain for
Different Line Outages
Voltage Level

Max (%) Mean (SD) % 95%Level

(KV)

Exceed LimitLimit,% AS2279

132

1.8

1.1(0.4)

1.6

66

1

33

3.6

1.6(0.9)

3.3

0

4
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Figure 8.7 : Histogram in Time/Space Domain for different line outages
(a) : 132 KV (b): 33 KV

Case 4.3.3 : Combination of line outages and capacitor configurations

Table IX shows the statistical data and Figure 8.8 shows the histograms at

various voltage levels. It is observed that for this particular case the m
harmonic voltage at 132 KV is unexpectedly higher than other cases. In

addition it is 60% above the 95% level while for other cases it is about 1
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This can be only due to a resonance condition which has occurred at a
particular bus for a particular line outage and capacitor combination.

For all of the above cases, the same observations regarding the variation of
the statistical data with respect to the voltage level as in Case 4.1.1 can be
made. For example the 9 5 % level is close to the maximum and the standard
deviation is much larger at low voltage than high voltage.
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Figure 8.8 : Histograms in Time/Space Domain for combination of line outages
and capacitor combinations, (a): 132 K V

(b): 33 KV
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T A B L E IX : 5th Harmonic Voltage Distortion in Time/Space Domain for
Combination of Line Outages and Capacitor Configurations

Voltage Level

Max(%)

M e a n (SD) % 95%Level Exceed Limit-

(KV)

Limit,% AS2279

132

2.8

1.2(0.5)

1.7

69

1

33

3.6

1.7(0.9)

3.3

0

4

It is observed that for this case the maximum voltage at 132 KV(2.8%) is higher
than the previous cases.

This is because for this case both capacitor

combination and line outages have been considered. As a result the chance
of the occurrence of resonance will increase. It was found that only for one
particular combination, the high value of 2.8% occurs.

From the obtained results, it is observed that significant difference exist
distributions between 132 K V and 33 K V voltage levels. In addition as it was
expected the magnitude of the harmonic voltage level at 33 KV is higher than
132 K V level. The difference can be from one of the following reasons:

1- The higher source impedances due to transformer impedances at the 33 KV
voltage level produce harmonic voltages which are higher than those at 132
K V buses. The variation of these impedances at 33 K V are more than 132 K V
and this gives the differences in the probability distributions.

2-The high 33 KV voltages occur because of resonances due to the
switchable shunt capacitors connected on the 33 K V side, which occur
relatively rarely.
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3-The switchable shunt capacitors give to higher variation in harmonic voltage
at 33 K V than 132 K V level. This gives different probability distributions.

4- Most of capacitors have been represented at 33 KV voltage levels.

5-The variation of system impedances (fault levels) at 33 KV voltage level is
more than 132 K V level. These factors will give to a wider variation of
harmonic voltage distortion level at 33 K V than 132 KV. The effect of each can
be illustrated by comparison between histograms in space domain and
space/time domain at each voltage level. Distribution in space domain (Figure
4) represents the effect of the variation of fault level while the space/time
domain (Figure 5) represents the variation due to both fault levels and system
capacitor switchings.

These conclusions can be checked by finding where and when the high-level
harmonic voltages have occurred. Unfortunately this is impossible due to a
large number of samples.

8.5. EFFECT OF THE LINE OUTAGE OR CAPACITOR
COMBINATION ON THE HARMONIC VOLTAGE DISTORTION
LEVEL

In this section a comparison is made between the effect of line outage or
capacitor combination on the harmonic voltage distortion levels.

8.5.1 : Time Domain

For this particular system, line outages, capacitor combinations and loading
level it w a s found that the effect of capacitor combinations on the harmonic
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voltage distortion level is more than the line outages. However the literature
review [58,59] shows that in most of the studies only the effect of the capacitor
has been considered .

For the studied system it was found that at 132KV level, the maximum, 95%
level and the m e a n value of the harmonic voltage distortion level with the
capacitor combinations are more than the line outages by nearly 15%. At 33
KV voltage level, the m a x i m u m and 9 5 % level with the capacitor combinations
are more than the line outages by 1%, 2 5 % respectively but the mean value is
less by 1 1 % . With line outages or capacitor combination, the distribution
shape of the statistical data is nearly the s a m e only at 132 K V level (Figures
8.1a, 8.3a). For example it is negatively skewed.

8.5.2 : Time/Space domain

As Case 4.1, the effect of the capacitor combination on the harmonic voltage
distortion level is more than the line outages. At 132 K V level, the maximum,
9 5 % level and the m e a n for capacitor combinations are more than the line
outages by nearly 15%. At 33 K V voltage level, the maximum, 9 5 % level and
the m e a n for the capacitor combinations are more than the line outages by
nearly 1 0 % . The shape of the harmonic voltage distribution is the s a m e with
line outages and capacitor combination ( Figures 8.5,8.7) but the magnitude
such as the m a x i m u m or m e a n is different. For example for 132 KV level, it is
negatively skewed and for 33 K V level it is positively skewed. In addition the
variation of the statistical data with respect to the voltage level as mentioned in
Case 4.1.1 is applicable for both system conditions.
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8.6. COMPARISON BETWEEN STATISTICAL DATA AS OBTAINED
FROM SPACE, TIME AND SPACE/TIME DOMAIN

At 132 KV voltage level, the shape of the harmonic voltage distortion level is
negatively skewed, for example the left tail is longer than the right tail (Figures
8.1a, 8.4a, 8.5a). At 33 K V voltage level, the shape of the harmonic voltage
distribution can be positively or negatively skewed (Figures 8.2b, 8.4b, 8.5b).
At 132 K V level the distribution shapes of the harmonic voltage distortion level
in all domains are similar to each other. For example they are negatively
skewed. At 33 K V voltage level such a similarity does not exist.

The variation of the statistical data with respect to the voltage level is th
for all domains for both 132 and 33 K V voltage levels. For example the 9 5 %
level is close to the m a x i m u m and so on.

8.7. STATISTICAL DATA FOR THE 7TH HARMONIC

In this section statistical data is obtained for the 7th harmonic. Only the da
time/space domain for different capacitor combinations is presented. Table X
shows the statistical data and Figure 8.9 shows the histograms for 132 and 33
K V voltage levels.

It is observed that the distribution shape for the 7th harmonic is different
the 5th harmonic (Figures 8.5, 8.9). For example at 132 K V level, for the 5th
harmonic it is negatively skewed but for the 7th harmonic it is positively
skewed. In addition the magnitude of the 7th harmonic is lower than the 5th
harmonic. With the different harmonic characteristic at each harmonic, it is
recommended that the studies to be done for any individual harmonic.
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TABLE X : 7th Harmonic Voltage Distortion in Time/Space Domain for
Different Capacitor Combinations

Voltage Level

Max (%)

Mean (SD) % 95%Level

(KV)

Exceed

Limit-

Limit(%)

AS2279

132

0.7

0.3(0.2)

0.7

0

1

33

2.3

0.7(0.5)

1.8

0

4
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(b)
Figure 8.9 : Histogram in Time/Space Domain for different capacitor
combinations for the 7th harmonic, (a): 132 K V

(b): 33 KV
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8.8

SENSITIVITY ANALYSIS WITH RESPECT TO LOAD
CLASSIFICATION AND

INDIVIDUAL HARMONIC CURRENT

DISTORTION LEVEL

As mentioned in section 5, the proportion of each load category for each
system (residential, commercial and industrial) was roughly estimated (Table
II). In order to find to what extent the type of load category within the studied
system affects the harmonic voltage distortion level, different proportions of
each load type within the strong system 1 were considered as shown on Table
XI. This includes the extreme possible cases. Table XII shows the statistical
data for various load types. Figure 8.10 shows the variations of the 9 5 % level
for the 5th harmonic at different voltage levels.

It is observed that the type of load classification has a significant e
statistical data. For example the range for the 9 5 % level of the harmonic
voltage level at 132 and 33 K V levels are 1.8% and 3.2% respectively for two
extreme cases of load types. It occurs at the same load category at all voltage
levels. For example the maximum occurs for load category 3 and minimum
occurs for load category 2.

TABLE XI : Different Studied System Load Categories

Load Category

Residential (%)

Commercial (%)

Industrial (%)

1

33.3

33.3

33.3

2

50

50

0

3

50

0

50

4

40

40

20

5

! 70

0

30

Number
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T A B L E Xll-a : Variation of Harmonic Voltage Distortion With Respect to Load
Classification (5th, 132 K V Level)

Load

Max %

Mean %

95% Level

%

Category

Exceed Limit

Limit

1

2.3

1.3

2

69

2

1

0.6

0.8

0

3

2.8

1.6

2.6

74

4

1.7

1

1.6

60

5

1.8

1

1.7

62

AS2279 %

T A B L E Xll-b : Variation of Harmonic Voltage Distortion With Respect to Load

Classification (5th, 33 K V Level)

Load

Max %

Mean %

95% Level %

Category

Exceed Limit

Limit

AS2279 %

1

4.2

1.8

3.9

1

4

2

1.7

0.7

1.6

0

4

3

5.1

2.3

4.8

19

4

4

3

1.3

2.9

0

4

5

3.3

1.5

0.31

0

4

The other uncertainty in accurate load modeling m a y arise from the level of the
individual harmonic current distortion level allocated to each load type (Table
I). Sensitivity analysis w a s performed to find this effect. For this purpose two
cases were studied. In one case the level of individual harmonic current
distortion level w a s doubled. In another case it w a s multiplied by a factor of 4.
This variation has been considered only for the loads within the system. Table

i f>
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XIII shows the statistical data for the two cases. As compared with the base
case, it is observed that by increasing the individual harmonic current
distortion by factors of 2 and 4 within only the studied system, the 9 5 % level of
the 5th harmonic voltage distortion at 132 K V level increases by factors of 2.4
and 5 respectively. For 33 K V level it increases by factors of 2.4 and 5.4.

T A B L E Xlll-a : 5th Harmonic Voltage Distortion for Twice the Individual
Harmonic Current Distortion Level of the Base Case

Voltage

Max %

Mean % 95%Level Percent

Level

Limit-

Exceed Limit AS2279%

(KV)
132

5.2

2.9

4.8

86

1

33

9.8

4.6

9

46

4

T A B L E Xlll-b : 5th Harmonic Voltage Distortion for Four Times the Individual
Harmonic Current Distortion Level of the Base Case

Voltage

Max %

Mean % 95%Level Percent

Level

Limit-

Exceed Limit AS2279 %

(KV)
132

11.3

6

10

99

1

33

23

10

20

96

4

i <s
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Figure 8.10 : Variation of the 95% level with respect to the load category

Finally it is observed that the obtained results are close to the available te
measurement data performed by different utilities. Some of this data has been
shown in Table XIV. Table XV also shows the harmonic voltage distortion
level as calculated by statistical data in this chapter.
TABLE XIV: 5th Harmonic Voltage Distortion Level,% (Mean Value) Obtained
From Test Measurements

utility

transmission level

distribution level

South Pacific C o

0.74

2.1

South Western C o

4.2

American Electric C o

2.7

T A B L E X V : Harmonic voltage distortion level as calculated by statistical
method.

Transmission Level

Distribution Level

(Calculated)%

(Calculated)%

Maximum

1.2

4

Mean

1.1

1.8
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8.9.

CONCLUSION

In this Chapter, the statistical data of the harmonic voltage distortion level
within a particular system at 132 K V and 33 K V voltage levels was obtained for
different domains. A computer program has been modified which calculates
the harmonic voltage for m a n y different system configurations and performs
the statistical analysis.

The magnitude and the shape of the harmonic voltage distribution was
obtained in space, time and space/time domains. To represent data in a
suitable way histogram and cumulative curve have been used.

In time domain, for a particular bus the mean value at 132 KV voltage level is
smaller than the 33 K V by a factor of 9 0 % (1.5%, 1.7%). The standard
deviation at 132 K V is smaller than 33 K V by a factor of 2 5 % (0.12%, 0.5%). It
was found that at 132 K V level, the shape of the harmonic distribution is the
same for different buses but at 33 K V level it changes. This is mainly due to
large variation in fault level and capacitor combinations that occur at different
33 K V buses.

In space domain, the mean value at 132 KV voltage level is smaller than the
33 K V voltage level by a factor of 7 0 % (1.12%, 1.6%). The standard deviation
at 132 K V is smaller than 33 K V level by a factor of 4 0 % (0.4%, 0.9%). This
indicates that the variation of the harmonic voltage distortion at different buses
at 132 K V voltage level is less significant as compared to the variation at 33
K V buses.
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In space/time domain, the m e a n value at 132 K V voltage level is smaller than
the 33 K V by a factor of 70%(1.3%, 1.8%). The standard deviation at 132 KV
is smaller than 33 K V by a factor of 50%(0.5%, 1%).

It was found that the distribution shapes at 132 KV voltage level are similar to
each other for all domains but such a similarity does not exists at 33 K V
voltage level. For example

at 132 K V voltage level, the shapes of the

harmonic voltage distribution is negatively skewed but at 33 K V they can be
positively or negatively skewed. It is concluded that if test measurements are
performed for s o m e buses at 132 K V level (space domain), the obtained
results can represent approximately the harmonic voltage characteristic of the
132 K V network. However for 33 K V voltage level and below, this conclusions
can not be true.

The effect of the capacitor combination and line outages on the harmonic
voltage distortion level w a s investigated separately. It w a s found that for this
particular study the effect of the capacitor combination is more than the line
outages. For example at 132 K V voltage level in time domain for the 5th
harmonic, the 9 5 % level for line outage is less than the capacitor combination
by a factor of 0.81. For either of them the distribution shape of the harmonic
voltage is nearly the s a m e for example negatively skewed.

In addition to the 5th harmonic, statistical data was obtained for the 7th
harmonic . The distribution shape of the 7th harmonic voltage is different from
the 5th harmonic. For example at 132 K V voltage level it is positively skewed
for the 7th harmonic but it is negatively skewed for the 5th harmonic. In
addition the magnitude of the 7th harmonic is lower than the 5th harmonic.
Therefore for comparison between the harmonic voltage distortion level and
compatibility level, studies should be done for any individual harmonic order.
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Due to the uncertainty on the size of the distorting loads regarding the
proportion of each load category, sensitivity analysis were performed for a
particular system. It w a s found that the statistical data depends significantly on
the proportion of each load category assigned in the system. For example for
a particular system, at 132 K V voltage level, the 9 5 % level of the 5th harmonic
voltage distortion can vary from 0.8 to 2.6 % depending on the system load
category. In addition a sensitivity analysis w a s performed with respect to the
individual harmonic current distortion level within a particular system. If it
increases by factors of two or four, the 9 5 % level of the 5th harmonic voltage
distortion at 132 K V level increases by factors of 2.4 and 5 respectively. The
results obtained from sensitivity analysis indicates the importance of accurate
data modelling for evaluation of the harmonic voltage distortion level.
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CHAPTER 9

STATISTICAL ASSESSMENT OF THE HARMONIC VOLTAGE
DISTORTION LEVEL IN A LARGE POWER SYSTEM
(PART II, VARIATION OF DATA BETWEEN DIFFERENT SYSTEMS)

9.1. INTRODUCTION
The main aim of Part II of this Chapter is to find how the magnitude and shape
of the harmonic voltage distribution depends on the strength of the system and
system loading conditions.

In a large power system, the harmonic voltage distortion levels at the various
locations of the systems are different due to different fault level, the size of the
non-distorting loads within the systems and the location of the systems with
respect to the others. For s o m e sub-systems, the harmonic distortion level is
significantly affected by the harmonic sources in other sub-systems.

In addition to the variation of the harmonic voltage distortion level with res
to the location, with a wide changes in system configurations caused by the
capacitor switchings, line outages and loading conditions, significant variation
of the harmonic voltage distortion levels can occur at any particular locations.
It is useful to find the best statistics which can represent the variation of the
harmonic voltage distortion level of a system in Time/Space domain. Should
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the m e a n value or 9 5 % level of the harmonic voltage distortion level be
compared with the limits?

For harmonic management it is important to find how the harmonic voltage
distortion level varies as the strength of the system is changed.

This will help

to find the locations where there is capacity for the addition of n e w distorting
loads.

To set suitable harmonic limits at various voltage levels, it is necessary to f
the interaction between harmonic sources within different systems via
transmission systems. These investigations will show whether the harmonic
voltage distortion level decreases as the voltage level increases. It is possible
the harmonic voltage distortion level at low voltage level is far from the limits
while at higher voltage level it has exceeded the limits. In this case is it
important to have low limits at high voltage ?

The harmonic voltage distortion level at any location within the system
depends on m a n y factors such as the size of the distorting loads within the
system and the rest of the system, the phase shift of the network and the fault
level at that point. With variation in any of these factors, the question arise
whether the harmonic voltage distortion level of a strong system is always
higher than a w e a k system?

For a particular system with a range of the voltage from 11 KV to 132 KV level,
h o w the statistical data varies with respect to the voltage level? D o e s the
variation of the harmonic voltage distortion level increases as the voltage level
decreases? H o w the voltage level affects the shape of the harmonic voltage
distribution?
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To answer the above questions, a particular computer program as discussed
in Part I has been used to give the variation of the statistical data for different
systems such as weak, strong, rural and city systems in the Time and Space
domains. A comparison is m a d e between different systems for peak and light
load conditions. The c o m m o n characteristics of weak or strong systems are
found. In addition, the statistical data for the harmonic voltage distortion level
at the load points in the transmission system (330KV) is obtained.

Variation of the statistical data with respect to the voltage level is obtained
suitability of the 9 5 % level for assessment of harmonic voltage distortion level
at each voltage level is discussed.

For different systems, the effect of the various harmonic current sources on the
harmonic voltage distortion level is obtained. This includes the effect of
harmonic sources within the system and the rest of the system through the
transmission system.

A comparison is made between 95% level of the harmonic voltage distortion
level as obtained from statistical data and A S 2279 and IEEE Standard limits.
Recommendations are m a d e regarding the existing harmonic voltage limits at
different voltage levels.

9.2. VARIATION OF STATISTICAL DATA FOR DIFFERENT
SYSTEMS

In this section the magnitude and shape space/time-statistics for different
systems at various load levels are obtained. For this purpose different cases
as follows are investigated.
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(1)

Different systems (e.g. strong metropolitan, weak rural)

(2)

Different voltage levels within the system (e.g. from 33 KV up to 132
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KV). In addition, statistical data is obtained for the supply points to the
systems (330 KV).
(3)

Peak and light load conditions

In this Chapter a strong system is defined as a system with high load within
system (more than 5 0 0 M W ) , meshed subtransmission network and high fault
level at the load points (330 KV). Generally most of the metropolitan systems
are strong.

To obtain suitable cases for investigation, a combination of the above
conditions has been considered as follows:

Case 2.1 : Strong system and different voltage levels
Case 2.2 : W e a k system and different voltage levels

For all of the studied cases the peak load case is 90% of the maximum load
where the number of capacitors at each location is either the m a x i m u m
number or one less. For light load case, a review of the literature does not
give exactly the load level for harmonic studies. However for normal load flow
studies it is assumed that light load case is 3 0 % or 6 0 % of the maximum
where the number of the capacitors at each location where they can be
connected is either zero or one. The 3 0 % case has been studied by the
normal practice where all harmonic sources with different load categories are
reduced with the s a m e proportion. This case simulates the system loading
condition at midnight. With 6 0 % case, each load category is reduced in
different proportion. Practically as system loading condition varies, the nature
of the load also varies. For example between 6-9 P M many factories,
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industrial and the commercial loads will not operate, instead residential loads
will increase. To simulate a realistic condition for light load, it is assumed that
at each load bus the proportion of the commercial and industrial loads
decreases to 1 0 % and one third of the peak load respectively and the
residential load increases proportionally. For example assume at one location
the load consists of 33.3% of three different load categories during peak load
conditions. At light load it is assumed this proportion is changed to 3.3%
commercial, 11.1% industrial and 85.6% residential. In addition it is assumed
that the distortion level of the 5th and 7th harmonics of the residential load
increases by a factor 2 due to more switching of distorting loads such as
television, air conditioner, etc. For all of the cases only the 6 0 % case has
been considered except for the Case 2.1.2 for strong system 1 which both
3 0 % and 6 0 % cases have been investigated.

Case 2.1 : Strong system and different voltage levels
Case 2.1.1: Peak Load Condition

The first strong system is the same as discussed in Part I. The statistical dat
and histograms have been obtained before. Figure 9.1 shows the 9 5 % level
of harmonic voltage distortion at various voltage levels. Table I shows the
statistical data for the 5th and 7th harmonic.

The second strong system has a maximum capacitor installation of 320 MVAr.
The total load is 1000 M W with the s a m e load category as the previous
system. The statistical data of the harmonic voltage distortion level at each
voltage level within this system has been shown on Table II. Figure 9.2 shows
the 9 5 % level of the harmonic voltage distortion at various voltage levels.
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Figure 9.1: The 9 5 % level for strong system 1 at peak load and various voltage
level

132KV
33KV

5
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Harmonic Order

Figure 9.2 : The 9 5 % level for strong system 2 at peak load and various
voltage level

The histogram for this system for the 5th harmonic is shown on Figure 9.3. It is
observed that the distribution of the harmonic voltage distortion at 132 K V
level is different from 33 KV level. For example at 132 KV, it is negatively
skewed but at 33 K V level it is positively skewed. The reasons for this
difference has been described in Part I.
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Figure 9.3 : Histogram in Time/Space Domain for various capacitor
combination for strong system 2 (5th harmonic, peak load)
(a):132KV

(b): 33 K V

As a comparison, the distribution of the harmonic voltage distortion of this
system has nearly the same skewness shape as the first strong system (Figure
8.5, Part I) at each voltage level. For example at 132 K V level, more than 5 0 %
of samples occur at more than 5 0 % of the maximum value. However it seems
that the second strong system has a tighter meshing network at 132 K V level
than the first strong sub-system. For example the first strong system has
longer and higher impedance of 132 K V lines than the second system. This

Chapter 9 Part II: Statistical Analysis of the Harmonic distortion level

\ 7 0,

causes a wider variation in fault level within subsystem 2 than 1. It was found
that for the first sub-system fault levels at different buses vary with a ratio of 7
to 1. For the second system it varies with the ratio of 4 to 1.

From the statistical data, the same observations regarding the variation of the
statistical data with respect to the voltage level as discussed in Case 4.1.1,
Part I can be made.

T A B L E l-a : 5th Harmonic Voltage Distortion Level for Strong System 1 and
Peak Load Condition

Voltage

Max(%) Mean (SD) % 95%Level Percent

Level

Limit-

Exceed Limit

AS2279 %

(KV)
132

2.27

1.3(0.5)

2

69

1

33

4.1

1.8(1)

3.7

1

4

T A B L E l-b : 7th Harmonic Voltage Distortion Level for Strong System 1 and
Peak Load Condition

Voltage Max (%) Mean (SD) % 95%Level

Percent

Limit-

Level

Exceed Limit

AS2279 %

(KV)
132

0.8

0.4(0.16)

0.8

0

1

33

2.4

0.8(0.5)

2

0

4
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TABLE ll-a : 5th Harmonic Voltage Distortion for Strong System 2 and
Peak Load Conditions

Voltage

Max % Mean (SD) % 95%Level

Level

Percent

Limit-

Exceed Limit

AS2279 %

(KV)
132

1.5

1(0.17)

1.3

57

1

33

3.5

0.9(1)

3

0

4

TABLE ll-b: 7th Harmonic Voltage Distortion for Strong System 2 and
Peak Load Conditions

Voltage

Max % Mean (SD) % 95%Level

Level

Percent

Limit-

Exceed Limit

AS2279 %

(KV)
132

0.4

0.3(0.04)

0.3

0

1

33

1.1

0.3(0.3)

1.0

0

4

Case 2.1.2 : Light Load Condition

For light load condition, the system load has been reduced to 30% of t
maximum load. The number of capacitor bank at each location is either zero
or one.

This capacitor configuration practically occurs for preventing

overvoltage at light load condition. This gives to a total number of capacitor
combination of 128 for system 1.

The statistical data for system 1 has been shown on Table III. Figure
shows the 9 5 % level of the harmonic voltage distortion at different voltage
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levels. It is observed that the 9 5 % level of the 7th harmonic distortion is higher
than the 5th at all voltage levels.

•
m

132KV
66KV
33KV

5
7
Harmonic Order

Figure 9.4 : The 9 5 % level at various voltage levels for strong system 1 (light
load = 3 0 % of peak load)
The statistical data for 6 0 % case has been calculated and given in Table IV.
Figure 9.5 shows the 9 5 % level for the 5th and 7th harmonics at different
voltage levels. From statistical data, the same observations as in Case 2.1.1,
Part I regarding the variation of the data with respect to the voltage level can
be made.
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_J
o%.0ll
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132KV
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0.00
7
5
Harmonic Order

Figure 9.5 : The 9 5 % level at various voltage levels for strong system 1 (light
load = 6 0 % of the peak)
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Histograms of the harmonic voltage have been shown on Figure 9.6 for
various voltage levels. It is observed that the distribution of the harmonic
voltage distortion at light load is different from peak load (Figure 8.5, Part I).
For example at peak load for 132 K V voltage level, the distribution shape is
negatively skewed while at light load it is a normal distribution shape.
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Figure 9.6: Histogram in Time/Space Domain for strong system 1 (light
load = 6 0 % of the peak)

(a):132 K V

(b):33KV

Similar studies were performed for the second strong system (system 2) for
6 0 % load case. Table V shows the statistical data and Figure 9.7 shows the
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9 5 % level of the harmonic voltage. Histograms of the harmonic voltage for this
system for 132 and 33 K V voltage levels have been shown In Figure 9.8.

As a comparison between the two strong systems for light load conditions
(Figures 9.6 & 9.8), it is observed that the probability distribution of the two
systems are different. The reasons for this is the s a m e as described for peak
load condition.
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Figure 9.7 : The 9 5 % level for strong system 2 (light load=60% of peak)
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Figure 9.8 : Histogram in Time/Space Domain for strong system 2 at light load
condition

(a): 132 K V

(b): 33 K V

TABLE lll-a : 5th Harmonic Voltage Distortion for Strong System 1 and
Light Load Conditions (load=30% of peak)

Voltage Level Max

Mean

95%Level Percent

(KV)

Limit-

Exceed Limit AS2279 %

132

1.3

0.7

1.2

15

1

33

2.7

1.3

2

0

4

T A B L E lll-b : 7th Harmonic Voltage Distortion for Strong System and Light
Load Conditions (load=30% of peak)

Voltage

Max %

Mean %

95%Level

Percent

Limit-

Exceed Limit AS2279 %

Level
(KV)
132

1.9

1

1.5

48

1

33

3.3

1.3

2.2

0

4

is
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TABLE IV-a : 5th Harmonic Voltage Distortion for Strong System 1 and
Light Load Conditions (load=60% of peak)

Max %

Voltage

Mean %

95%Level

Level

Percent

Limit-

Exceed Limit

AS2279 %

(KV)
132

1.3

0.7

1.1

14

1

33

2.5

1.3

2.1

0

4

TABLE IV-b : 7th Harmonic Voltage Distortion for Strong System 1 and
Light Load Conditions (load=60% of peak)

Mean %

Voltage Max %

95%Level

Level

Percent

Limit-

Exceed Limit

AS2279 %

(KV)
132

2

1

1.5

50

1

33

3.4

1.3

2

0

4

TABLE V-a : 5th Harmonic Voltage Distortion for Strong System 2 and
Light Load Conditions (load=60% of peak)

Voltage

Max %

Mean %

95%Level

Percent

Lirnit-

Exceed Limit AS2279

Level

%

(KV)
132

0.7

0.6

0.6

0

1

33

1.19

0.7

1

0

4
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TABLE V-b : 7fh Harmonic Voltage Distortion for Strong System 2 and
Light Load Conditions (load=60% of peak)

Voltage

Max %

Mean %

95%Level Percent

Level

Exceed Limit

(KV)

LimitAS2279
%

132

0.3

0.15

0.2

0

1

33

1.3

0.4

1

0

4

Case 2.2 : Weak Rural System and Different Voltage Levels

For this case, the studied system is supplied from the weak point of t
system with a total load of 90 M W . The maximum installed capacitor is 45
MVAr. The load category of this system is the same as previous cases. For
this system only 132 KV buses have been monitored.

Case 2.2.1 : Peak Load Condition

For peak load condition the statistical data of the harmonic voltage d
level within the system has been obtained as shown In Table Vl-a. Histogram
for this system has been shown In Figure 9.9. It is observed that the
distribution of the harmonic voltage distortion level for the weak system is
different from the strong system (Figures 9.3, 9.9). For example for the weak
system at 132 K V level it is positively skewed but for the strong system it is
negatively skewed.
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Figure 9.9: Histogram in Time/Space Domain for weak system 1 at peak
load and 132 K V voltage level

In order to find the harmonic characteristics of the weak systems, the statist
data w a s obtained for two other w e a k systems. Table Vl-b shows the
statistical data and Figure 9.10 shows the histograms for these systems. It is
observed that the distribution of the harmonic voltage distortion for the weak
systems are similar to each other. For example it is positively skewed.
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Figure 9.10 : Histogram in Time/Space Domain at peak load and 132 KV
voltage level (a): Weak system 2 (b): Weak system 3

Case 2.2.2 : Light Load Condition

Table Vl-a gives the statistical data. Histogram for this system has been
shown on Figure 9.11. It is observed that the 95% level is close to the
maximum voltage. The mean value is much smaller than the maximum
voltage.
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Figure 9.11 : Histogram in Time/Space Domain for weak system 1 at light
load for 132 KV voltage level
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Generally for all the above cases irrespective to the system loading condition,
system strength or voltage level, the variation of the statistical data with
respect to the voltage level is the same as discussed in Case 1, Part I.

T A B L E Vl-a : 5th and 7th Harmonic Voltage Distortion at 132 KV Level for
W e a k System 1

Max %

Mean (SD) 95%Level

Percent

Limit

%

Exceed

AS2279 %

Limit
Peak Load 0.6

0.3

(5th)

(0.14)

Peak Load 0.4

0.15

(7th)

(0.12)

0.59

0

1

0.37

0

1

1

Light Load
(5th)
6 0 % peak

0.7

0.4

0.6

0

0.3

0.16

0.3

0

Light Load
(7th)

1

6 0 % peak

Table Vl-b : 5th harmonic for the weak systems 2 and 3 (132 KV)

System

Max %

Mean

95%Level Percent

(SD) %

Exceed Limit

LimitAS2279
%

Weak sys 2 2.5

1(0.6)

2.3

45

1

Weak sys 3 1.7

0.7(0.5)

1.7

20

1
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For weak systems, it is expected that the harmonic voltage distortion level at
33 and 132 K V to be nearly the same. In order to check this the statistical data
for 3 3 K V voltage level in addition to 132 K V level w a s obtained for weak
systems 1 and 2. The results have been shown in Table Vl-c. It is observed
that harmonic voltages at two voltage levels are similar.

Table Vl-c : Harmonic voltage distortion level for weak systems 1 & 2

Max %

Mean %

9 5 % level

Weak 1 (132 kv) 0.6

0.3

0.59

(33 kv) 0.8

0.6

0.7

SYSTEM

Weak 2 (132kv)

2.5

1

2.3

(33kv)

2.1

0.9

2

9.3. EFFECT OF THE STRENGTH OF THE SYSTEM ON
HARMONIC VOLTAGE DISTORTION LEVELS

in order to find the effect of the system strength on the harmonic voltage
distortion level, several comparisons have been m a d e between different
systems as follows:

Case 3.1: Two strong systems
Case 3.2: T w o weak systems
Case 3.3: A strong and a weak system

Case 3.1: Two strong systems

From the obtained results in Case 2.1, it is observed that for peak and light
load condition, the 9 5 % level of the harmonic voltage distortion level of the

Chapter 9 Part II: Statistical Analysis of the Harmonic distortion level

] 91

system 2 is lower than the system 1. At peak load the 9 5 % levels of the 5th
harmonic at 132 and 33 K V levels in system 1 are higher than system 2 by
factors of 1.5 and 1.2 respectively. Af light load, it is higher by factors of 1.8
and 2.1.

The common characteristics between the two strong systems at peak load are
(i)

At 132 K V voltage level, the shape of the harmonic distribution is
negatively skewed (left tail is longer than the right tail). The 9 5 %
voltage level occurs at the same percentage of the maximum voltage.

(ii)

At 33 K V voltage level, the shape of the harmonic voltage distribution is
positively skewed.

The common characteristic between the two systems at light load are:
At 132 and 33 K V voltage levels, the shape of the harmonic voltage
distribution is negatively skewed.

The 9 5 % level occurs at the s a m e

percentage of the m a x i m u m voltage.

Case 3.2 : Weak systems

The common characteristics between the weak systems are:
The distribution of the harmonic voltage distortion level is positively skewed.

Case 3.3 : Comparison between strong and weak systems

For this case the results as obtained for Cases 2.1 and 2.2 are compared.
Generally the m e a n value of the harmonic voltage distortion level of the weak
systems are lower than the strong systems in all conditions except for the 7th
harmonic voltage level of the weak system 1 which is higher than the strong
system 2 at light load condition. The maximum and 9 5 % level of the harmonic

Chapter 9 Part II: Statistical Analysis of the Harmonic distortion level

\9

voltage distortion level of the weak system can be higher than the strong
system due to resonance condition, different system impedances or the effect
of the phase shift of the network or mainly due to harmonic sources from the
rest of the system. For example for the 5th harmonic at 132 K V voltage level,
the 9 5 % level of the voltage of the weak system 2 is 2.3%. This level of
harmonic distortion is mainly due to harmonic sources from the rest of the
system. The 9 5 % level of the harmonic voltage of the strong system 1 is 2 % .

The significant difference between the strong and weak systems are:
At peak load for strong systems, the shape of the harmonic voltage distribution
is negatively skewed while for weak systems it is positively skewed.

9.4. COMPARISON BETWEEN PEAK AND LIGHT LOAD
CONDITION

Figure 9.12 shows the 95% level of the harmonic voltage distortion at 132 and
33 K V level for peak and light load conditions for strong system 1. The 5th
harmonic voltage distortion level at light load is lower than the peak load
condition but the 7th harmonic is higher.
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m
132

66

peak load
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33

Voltage Level

peak load
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132

66

33

Voltage Level

(b)
Figure 9.12: The comparison of the 9 5 % level for peak and light load
conditions for strong system 1
(a): 5th harmonic

(b): 7th harmonic

For system 2 the 9 5 % level of the 7th harmonic at light load is higher than the
peak load only at 3 3 K V voltage level. The 9 5 % level at peak load is higher
than the light load for all conditions.
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For weak system the m e a n values of the 5th and 7th harmonics at light load
are higher than the peak load by factors of 1.3 and 1 respectively. But the
9 5 % level at peak load is higher than the light load.

It is concluded that for the 5th harmonic the mean value of the harmonic
voltage distortion level at light load can be higher than the peak load but the
9 5 % level at peak load is always higher than the light load.

9.5. HARMONIC VOLTAGE DISTORTION LEVEL AT THE LOAD
POINTS IN TRANSMISSION SYSTEM (330 KV)

The statistical data was obtained at the supply points (330KV) for different
systems for various capacitor switchings within the system.

Table Vll-a shows the statistical data for the supply points of the strong
systems 1 and 2.

Figure 9.13 shows the histogram for the system 1. The

m e a n and 9 5 % level are close to the maximum. It is observed that capacitor
switchings within the system has not significant effect on the harmonic voltage
distortion level at the supply point (330 KV).

In addition the effect of capacitor

switching is higher at the supply point than remote 3 3 0 K V buses.
Consequently the variation of harmonic voltage at the supply point represent
the worst for all of 330 K V system buses. In order to illustrate this, the
harmonic voltage distortion level at two adjacent 330 K V buses ( S Y W and
S Y N ) w a s obtained for the following cases:

Case (A): Maximum capacitor within the subsystem SYN (Table Vll-b)
Case (B): N o capacitor within the subsystem SYN.
For both cases, capacitor connections within S Y W subsystem remain
unchanged.
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Table Vll-c shows the harmonic voltage level at 330 K V supply points of two
subsystems. It is observed that capacitor switchings within S Y N subsystem
affects 3 3 0 K V supply points to S Y N and S Y W subsystems by 3.6% and
0.56% respectively.
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Figure 9.13: Histogram in Time/Space Domain for the supply point to the
system 1 (330 K V )
Table Vll-a also shows the statistical data for the supply point to the weak
system. The capacitor switchings have higher effect on the harmonic voltage
distortion level as compared to the strong system.
Table Vll-a: Statistical Data of the Supply Points (330 KV) for Different
Systems

System

Max %

Mean

95%Level Percent

Limit-%

(SD) %

Exceed Limit

AS2279

Stro- Sys 1 1.6,

1.5(0.05), 1.5,

100,

1

0.12

0.09(0.02) 0.11

0

(5th),(7th)

Stro- Sys 2 1.2,

1.2(0.01),

1.17,

100,

(5th),(7th)

0.12

0.11(0.01) 0.12

0

W e a k Sys

0.37,

0.34(.02), 0.35,

0.

(5th),(7th)

0.04

0.04(.002) 0.04

0

1

1
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Table Vll-b : Capacitor connection within S Y N subsystem

Bus Number

Case (A), MVAr

Case (B), MVAr

2(132 KV)

160

0.0

14(33KV)

38.1

0.0

20(33KV)

60.0

0.0

38(33KV)

60.0

0.0

Table Vll-c : 5th harmonic voltage distortion level at 330KV supply points to
two subsystems due to capacitor switching within S Y N subsystem

Sub-system

Voltage %, Case (A)

Voltage %, Case (B)

Difference

SYN

1.208%

1.406%

16.4%

SYW

1.5%

1.414%

6%

9.6. EFFECT OF THE VARIOUS DISTORTING LOADS TO
HARMONIC VOLTAGE DISTORTION LEVEL

Harmonic voltage distortion at a given point of the network is the result of th
different harmonic current injections at different voltage levels from the
transmission and subtransmission through to the distribution part. The power
system as considered in this Chapter has 15 systems connected to the
transmission system at different locations by 330/132 K V transformers. The
harmonic voltage distortion within each system is the result of the harmonic
current sources within the system and the harmonic current sources from other
systems which penetrates to the system through the transmission system. In
order to find the effect of each, the following cases were studied:
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Case 6.1 : Harmonic voltage distortion in a particular system due to harmonic
current sources within the system

Case 6.2 : Harmonic voltage distortion in a particular system due to harmonic
current sources from other systems

For this investigation, different systems and loading conditions as discussed
previously have been considered. For all cases the effect of different sources
to the harmonic voltage distortion level is compared with the case with all
harmonic sources in the system (base case). For all cases the 9 5 % level of
the harmonic voltage is calculated .

Figure 9.14 shows the effect of the harmonic sources at peak load condition
for strong system 1. It is observed that the harmonic voltage distortion will not
necessarily decrease if the harmonic current sources in other systems or
within the system are reduced to zero. This is due mainly to the effect of the
phase shift of the network on the harmonic voltage level. The phase shift of
the network is due to the representation of all system shunt capacitors,
resistive plus inductance of lines, detailed motor loads simulation and
representation of each harmonic source with a Norton model in parallel with
impedance (Appendix F). Consequently the difference between the phase
angles of the harmonic voltages due to harmonic sources within the studied
system or the rest of systems at a particular harmonic order can be higher than
90 °[81]. In order to illustrate this the phase angle of different sources were
obtained. Table VIII shows the contribution of different sources to harmonic
voltage level for a few 33 K V buses. It is observed that the phase angle of
harmonic voltage due to sources within the subsystem can be significantly
different from the phase angle of the harmonic voltage due to sources in the
rest of system.
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Table VIII: 5th harmonic voltage levels due to different sources at 33 K V
voltage level.

Bus N a m e

sources in the rest sources

within all sources

of system

system

NEPN.33

0.041 Z72.5

0.067Z-95

0.0278Z-79.4

W.LVP.33

0.0223Z143

0.037Z-14

0.019Z12.7

For the studied system it is observed that at all voltage levels the 9 5 % level of
the 5th harmonic voltage distortion is higher with only sub-system harmonic

sources than the base case. For example at 132 KV level it is higher than the
base case by 35%. For the 7th harmonic, the harmonic voltage level is higher
at all voltage levels for the base case.
6

all sources(base case)
sources in the rest of system
sources within sub-system

132
33
Voltage Level

Figure 9.14: Effect of the various harmonic sources on the 5th harmonic
voltage distortion level for strong system 1 and peak load condition

For this system, the 5th harmonic voltage due to the sources within the subsystem is higher than the sources in the rest of the system. For the 7th
harmonic it is reverse.

Chapter 9 Part II: Statistical Analysis of the Harmonic distortion level

\

The effect of different harmonic sources to the harmonic voltage distortion
level at light load condition w a s also obtained. Again the 5th harmonic
voltage level is higher than the base case with only system sources. For
example at 132 K V level, it is higher by 1 0 0 % than the base case. For the 7th
harmonic, it is always higher for the base case.

Figure 9.15 shows the effect of harmonic sources at peak load for strong
system 2. At 132 K V the 5th harmonic voltage is higher by a factor of 1.1 with
only sources in the rest of the system as compared with the base case. For
this system, contrary to the previous system, the 5th harmonic voltage due to
the sources in the rest of the system is higher than the harmonic voltage due to
the sources within the sub-system. For the 7th harmonic it is reverse.

all sources(base case)
sources in the rest of systc
sources within sub-systen

Voltage level

Figure 9.15: Effect of the various harmonic sources on the 5th harmonic
voltage distortion level for strong system 2 and peak load condition

The effect of different sources to the harmonic voltage distortion level for the
weak system 1 has been shown in Figure 9.16. At 132 KV, the 5th harmonic
voltage due to the sources in the rest of the system is higher than the base
case by factor of 1.2. For the 5th harmonic, harmonic voltage due to the
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sources in the rest of the system is higher than the sources within the system.
For the 7th harmonic it is reverse.
1.0

all sources(base case)
E3 sources in the rest of syst
B sources within sub-syster

5
7
Harmonic Order

Figure 9.16: Effect of the various harmonic sources on the 5th harmonic
voltage distortion level for weak system 1 and peak load condition

In general, the effect of different harmonic sources on the 95% level of the
harmonic voltage distortion level at each harmonic m a y be additive or
subtractive depending on the strength of the system, loading condition and the
voltage level. For the 5th harmonic, the harmonic voltage due to either the
sources within the system or in the rest of the system is higher than the case
with all harmonic sources.

9.7. RATIO OF HARMONIC VOLTAGE DISTORTION LEVEL WITH
RESPECT TO LIMITS

In order to assess the level of the harmonic voltage distortion level, the ra
the 9 5 % level with respect to AS2279 and IEEE limits is obtained. This ratio is
calculated for different systems, voltage levels and loading conditions.

Tables XI and XII show the obtained ratio for strong systems 1 and 2 for the 5th
and 7th harmonics at peak and light load conditions. If the ratio is obtained
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with respect to Australian Standard, the ratio at different voltage levels is less
than one except for the 5th harmonic at 132 K V of strong systems 1 and 2 for
the peak load condition and for light load condition of strong system 1. If it is
obtained with respect to IEEE Standard, the ratio is less than one except for
the 5th harmonic at 132 K V and 33 K V of system 1. For the 7th harmonic the
ratio at light load can be higher than the peak load condition.

In general, it is observed that in most of the cases the 95% level of harmonic
voltage distortion levels as obtained from the statistical data are above the
limit but the m e a n values are below the limit as assigned in standards. It has
been observed that in s o m e test measurements, the m e a n value has been
measured and compared with compatibility Iimits[47-53]. Based on significant
difference between the 9 5 % level and the m e a n value, it is recommended that
the 9 5 % level instead of the m e a n value is measured during tests. In addition,
the consistency of the results as obtained from 9 5 % level for different systems,
loading conditions and voltage levels indicates that the 9 5 % level is more
suitable value than the m e a n value for measuring the harmonic voltage
distortion level of a large system. For example if the 9 5 % level at peak load is
higher than light load for one system, it is also true for another system.
However this conclusion m a y not be correct if the m e a n value of harmonic
voltage distortion level is considered.
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T A B L E XI : Ratio of the 9 5 % level of the harmonic voltage distortion level with
respect to the A S 2 2 7 9 (a) and IEEE Standard Limits (b) at different voltage
levels for strong system 1

Voltage Level

132 K V

33 K V

Condition
(a) 2

Peak

0.92

5th harmonic (b) 1.3

1.2

Peak

0.5

(a) 0.8

7th harmonic(b)

0.5

0.7

Light (60% P) (a) 1

0.5

5th harmonic(b)

0.7

0.7

Light (60% P) (a) 1.5

0.5

7th harmonic(b)

0.7

1

|

T A B L E XII: Ratio of the 9 5 % level of the harmonic voltage distortion level
with respect to the AS2279 (a) and IEEE Standard Limits (b) at different
voltage levels for strong system 2

condition-

Peak

Peak

Light

Light

voltage level

5th

7th

5th

7th

(a) 1.3

0.3

0.6

0.2

(b) 0.9

0.2

0.4

0.13

(a) 0.75

0.27

0.25

0.25

(b) 1

0.36

0.33

0.33

132 K V

33 K V

9.8. CONCLUSIONS
In this Chapter the variation of the statistical data, the magnitude and
distribution of the harmonic voltage distortion levels for different systems in
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Time and Space domains were investigated. For this purpose a computer
program as discussed in Part I has been used. Various systems such as
weak, strong , rural and city systems were considered. A comparison has
been m a d e between them for peak and light load conditions. In addition the
distribution of the harmonic voltage at the load points (330KV) was obtained.

A summary of the results obtained by the application of the program on an
illustrative power system are as follows:

(1) The mean value of harmonic voltage distortion levels as calculated by
the statistical analysis are within limits in most of the cases but the
9 5 % levels are above the limits. For comparison with compatibility
level, it is recommended that the 9 5 % level is selected.

(2) There is a consistency between results for the 95% level. The 95%
level at peak load for the 5th harmonic is higher than light load for two
studied subsystems and for one subsystem, the 9 5 % levels at peak and
light load are nearly the same. However the mean value can be lower
or higher.

(3) The harmonic voltage distortion level does not depend on the strength
of the system. The maximum and 9 5 % level of the harmonic voltage
distortion level is not necessarily higher for a strong system as
compared to a weak system for all harmonics. This may be due to the
occurrence of the local resonance or the effect of the phase shift of the
network in reduction of harmonic voltage due to different sources. The
m e a n value of the strong systems is always higher than the weak
systems.
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The probability distributions of the harmonic voltage distortion for strong
systems are similar. For example at peak load and 132 K V voltage
level, it is negatively skewed. The 9 5 % level occur nearly at the s a m e
percentage of the m a x i m u m voltage.

(5) The probability distributions of the harmonic voltage distortion level for
w e a k systems are the same. At 132 K V voltage level the samples are
either on upper or lower quartile.

(6) As voltage level increases, the variation of the harmonic voltage
distortion level with respect to the capacitor switchings or line outages
decreases. This is due to higher fault level at higher voltage level and
less capacitor switchings at higher voltage level. For example the
magnitude and distribution of the harmonic voltage distortion level at
the transmission level (330KV) will be affected by less than 5 % with
capacitor switchings within the system.

(7) For some systems and harmonic orders, the harmonic voltage
distortion level can be higher with only system sources or the
sources in the rest of the system as compared to the case with all
harmonic sources. This is mainly due to the effect of the phase shift of
the network.

Depending on the voltage level and the harmonic order, harmonic
voltage due to the sources within the system can be higher or lower
than from the sources in the rest of the system.
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The ratio of the 9 5 % level of the harmonic voltage distortion with
respect to AS2279 and IEEE limits w a s obtained for different cases. It
w a s found that the ratio is less than one except for a few cases.

The ratio depends on the strength of the system, load level and
harmonic order. It m a y be higher for one system than the other for
s o m e harmonics and lower for others. For the 5th harmonic the ratio at
peak load is higher than light load. For the 7th harmonic the ratio at
light load can be higher than the peak load condition.

(9) In most of the cases the mean value of the harmonic voltage levels are
less than the voltage limits . The 9 5 % level is also lower except at 132
K V voltage level. Only in one case the m e a n value of the 5th harmonic
at 132 K V level exceeds the limit by 3 0 % . This occurs only for one
system at peak load condition.

(10) It is possible the harmonic voltage distortion level at low voltage level
(33 KV) to be well within the limit but at high voltage (132 and 330KV) it
exceeds the limits.

(11) Statistical data as obtained from the proposed computer program
covers all possible system configurations and locations. This can not
be achieved by the test measurements or with the existing commercial
computer programs as mentioned in the literature.

(12) The shape of the harmonic voltage distortion level is not a normal
distribution. At 132 K V level and above for strong system it is
negatively skewed for all system conditions. For weak systems it is
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positively skewed. At 33 K V and below it can be normal, negatively and
positively skewed distribution.

In general from the statistical data obtained for various systems and loading
conditions, the following conclusions regarding the variation of the statistical
data with respect to the voltage levels can be made.

(i) The 95% level is close to the maximum . The 95% level can be
suitable value for the assessment of the harmonic voltage distortion
level.

(ii) The standard deviation is much larger at low voltage than high
voltage. For example at 33 K V the S D can be 5 times higher than 132
KV.

(Hi) The Standards limits decreases at high voltage much more rapidly
than the 95% level. Consequently the limits are exceeded most at high
voltage.

With the obtained statistical data for different systems and system conditions,
the evaluations of the harmonic voltage distortion level with respect to
compatibility levels can be m a d e more accurately.

The histograms as

obtained in time/space domain can be used for comparison with equipment
susceptibility to observe if there is overlapping between them.

Finally the method proposed in this Chapter can be used for the harmonic
management in power systems for the assessment of the existing harmonic
distortion level (background level) from the probability distributions before the
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connection of a new large harmonic source or the wide use of a new type of
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CHAPTER 10

MAXIMUM PERMISSIBLE HARMONIC CURRENT INJECTION
(PART I, UNCONSTRAINED CURRENT)

10.1.

INTRODUCTION

International standards are available which set limits for harmonic current and
voltage distortion levels in order to minimize the effects of harmonics on power
system equipment [1-4]. A s it w a s mentioned in Chapter 1, in most of these
standards, limits at different voltage levels have been set arbitrarily. If these
limits are not well coordinated then there can be unnecessary restriction of
harmonic injection. O n e method to find the suitability of these limits is to
investigate the effect of limits on the permissible harmonic current injection at
different voltage levels.

In Chapter 8 a computer based technique was proposed which gives the
statistical variation of the harmonic voltage distortion level. It w a s found that
the harmonic voltage distortion level at low voltage level can be lower than
limits while at high voltage level it exceeds the limit.

With existing harmonic management^, 4, 60] there is no guarantee that after
connection of a n e w distorting load, the harmonic voltage distortion level
remains within limits at all voltage levels. O n the other hand for any n e w
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distorting load, separate calculations should be performed to determine the
size of the load.

In this chapter a methodology is proposed to overcome the above mentioned
problems.

If a voltage distortion limit is specified at a particular voltage level, only p
it will be available for distorting loads connected at that level. The other part
should be dedicated to harmonic sources connected to other voltage levels.
To obtain the permissible harmonic voltage distortion level at each voltage
level a methodology has been developed that evaluates the harmonic
distortion level by m e a n s of Transfer Impedance Coefficient Matrix as followsf
58, 59].

U=[K]*u (10.1)

where:

u : A vector with a size equal to the voltage levels of the system. Each
element of the vector represents the individual contribution of harmonic
voltage at each voltage level due to only distorting loads connected at that
voltage level.
U : This vector represents the total harmonic voltage distortion level at each
voltage level due to the effect of all distorting loads connected to the network.
[K] : Transfer Impedance Matrix. Each element of the matrix represents the
effect of the unit harmonic voltage applied at each voltage level J on the
voltage distortion level at voltage level I. Hence with four voltage levels (EHV,
HV, M V and LV) the size of the matrix will be 4x4.
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If the vector U is set equal to the compatibility limits at different voltage lev
then equation (1) can be solved to give the elements of vector u.

In the above technique several assumptions have been made. For example
the phase shift of the network is neglected and this m a y not be a reasonable
assumption if the network is represented in detail (e.g., ail of the system shunt
capacitance or non-distorting loads such as motors are represented,
Appendix F). In addition the network at each voltage level is represented by a
single bus which m a y not accurately represent a large meshed network. This
technique gives the permissible harmonic voltage distortion at each voltage
level which is not as useful as the permissible harmonic current injection
levels.

The proposed method in this chapter gives the permissible harmonic current
injection at each voltage level in a large power system. It can be applied to
obtain a suitable compatibility limit at each voltage level. For this purpose the
effect of the harmonic voltage limit at each voltage level on the permissible
harmonic current injection level is investigated.

This method can also be used in harmonic management to determine the size
of several n e w distorting loads which can be connected at different voltage
levels and locations simultaneously. With this method the weak and strong
points of the system for installation of n e w distorting loads can be identified. If
the size of distorting loads exceed the permissible level, it can be used to give
the location and size of c o m m o n filters for all customers. This will avoid the
installation of filters for any individual customer and hence reduce the general
cost
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The permissible harmonic current injection is obtained from a set of non-linear
equations with the voltage at all buses equal to chosen limits. The equations
are formulated to be solved by Newton-Raphson technique.

The proposed technique will be applied on a typical meshed power system to
verify its practicality.

The effect of non-distorting loads and system

capacitance is investigated.

The investigation on the setting of limits at different voltage levels are ma
the 5th harmonic. This is because the 5th harmonic is the major concern at
present for most utilities and it is expected to be the same for a distant future.

10.2. PERMISSIBLE HARMONIC CURRENT INJECTION LEVEL

The permissible harmonic current injection is obtained from a set of non-linea
equations based on the well known relationship of:

lh=[Yh]Vh (10.2)

where:

h : harmonic order (1,2,3 )
Ih : Harmonic current injection at system nodes
[Yhh Network harmonic admittance
Vh: Harmonic system voltage at system nodes

Mathematical equations to obtain the permissible harmonic current injection a
each voltage level have been given in Appendix G.
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The proposed technique can be applied to any size of the power system.
However it is possible that all buses are not selected for harmonic current
injection while it is desirable to keep harmonic voltage limit at all buses within
the limit. In this case the harmonic current at those buses should be set equal
to zero in equations. This will result to a larger number of equations than the
number of unknown variables (current). This type of problem is often
approached by a least squares technique. However for this particular case,
using this technique m a y give a solution of harmonic current injection level
which can subsequently give harmonic voltage distortion level above limits.
Another method to overcome this restriction is the reduction of the system to
only those buses which harmonic currents can be injected. However, it is
possible with the obtained harmonic current injection level, the harmonic
voltage level exceed the level at those buses which have not been
represented. In the next chapter a n e w method based on the constrained
nonlinear maximization technique will be proposed to solve this problem.

10.3. APPLICATION OF THE PROPOSED TECHNIQUE ON
AN EXAMPLE SYSTEM:

In order to investigate the suitability of the proposed technique, the method
applied to a typical 6 bus system [82], The single line diagram and the data of
this system have been shown in Figure 1.1, Tables 1.1 and I.2 in Appendix I. T o
solve the relevant non-linear equations a Fortran Subroutine for Mathematical
Applications called "IMSU has been used [83]. A subroutine called "NEQNF"
which uses the modified Powel Hybrid Algorithm and a finite-difference
approximation to the Jacobian has been applied. With this subroutine the
permissible harmonic current injection has been obtained for different cases
as follows:
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Without representation of non-distorting loads and system
capacitance

Case 3.2:

With representation of non-distorting loads

Case 3.3:

With representation of non-distorting loads and system
capacitance

Case 3.1 : Without representation of non-distortina loads

This case has been studied only for comparison with other cases in order to
investigate the effect of non-distorting load on the permissible harmonic current
injection. With 4 % harmonic voltage limit at all buses, the total m a x i m u m
permissible harmonic current injection is 0.04 p.u. as obtained from Table I. All
of this current penetrates to the transmission system since there are no
impedances represented at buses. It is observed that at bus 3 the highest
harmonic current can be injected as compared with other buses. In order to find
the reason, the equivalent system impedance at the fundamental frequency and
the 5th harmonic w a s obtained as shown in Table II. The equivalent system
impedance as seen from bus 3 has the lowest value as compared with other
buses.

From impedance values, the permissible harmonic voltage distortions due to
load connected at a particular bus can also be determined as shown in Table II.
For example for buses 3 and 4, the permissible values due to local loads are
0.028 and 0.01 p.u respectively. This m e a n s that the contribution of sources in
the rest of the system to the total harmonic voltage distortion level (4%) for bus 3
is less but for bus 4 is more than local sources. This is contrary to traditional
calculation that harmonic voltage distortion at any point is in proportion to the
impedance at that point.
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It is observed that the magnitude of the harmonic current injection at bus 1 is a
negative value. In other words the phase angle of current at this bus is 180'
instead of zero degree. This is equivalent to the installation a filter at this bus for
harmonic current absorption generated by other distorting loads. This can also
be interpreted that bus 1 is the best location for installation of a c o m m o n filter.
The cost of filter can be shared a m o n g different distorting load customers in
proportion to the size of the load.
Table I: Permissible 5th harmonic current injection (p.u)* with 4 % harmonic
voltage limits at all buses

Bus Number

Current (p.u)

1

-0.006

2

0.0023

3

0.0217

4

0.0038

5

0.015

* Sbase=1000MVA
Table II : Equivalent system impedance (p.u) as seen from different buses and
harmonic voltage due to local load

Bus Number

Fundamental Frequency 5th
Impedance (p.u)

harmonic harmonic

impedance

voltage due to

(P-u)

local load.(p.u)

1

0.28+0.75J

0.28+3.7J

0.022

2

0.06+0.37J

0.06+1.8j

0.004

3

0.06+0.26J

0.06+1.3j

0.028

4

0.09+0.5J

0.09+2.6J

0.01

5

0.07+0.3J

0.07+1.5j

0.023
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Case 3.2 : With representation of non-distorting loads

For this case it is assumed that non-distorting loads have been connected at
low voltage level ( buses 1,2 and 4). The load data has been shown in Table 1.2
in Appendix I. The load is represented by resistance in series with inductance.
This will represent the motor load more accurately [68]. The equivalent
resistance and inductance of the load are obtained from active and reactive
power as shown in Appendix I.

With 4% harmonic voltage limit at all buses, the total maximum permissible
harmonic current injection is 0.07. Part of this current penetrates to the
transmission system as in Case 3.1 and part of it is absorbed by non-distorting
loads.

Case 3.3: With representation of non-distorting load and system capacitance

For this case it is assumed the same size of non-distorting load as Case 3.2
but at each bus of 1,2 and 4, 30 M V A r capacitor has been added. The total
permissible harmonic current injection is 0.057p.u.

10.4. COMPARISON BETWEEN CASES

Figure 10.1 shows the permissible harmonic current injection at different
buses for above three cases. With representation of non-distorting loads, the
total permissible harmonic current injection has been doubled as compared
with C a s e 3.1. This is due to harmonic current absorption by non-distorting
loads. It is observed that additional current injection occurs only at those
buses where the load has been added. In addition the increase in current at
each bus is in proportional to the size of non-distorting load at that bus.
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With addition of capacitors (Case 3.3), the total permissible level has
decreased by 2 0 % as compared with Case 3.2. This is due to less harmonic
absorption by the equivalent load (non-distorting loads in parallel with
capacitors).

Today, most capacitors have a detunning reactor set at low harmonic order to
avoid occurrence of system resonance at low frequencies. Consequently it is
possible the capacitor b e c o m e s inductive at the 5th harmonic. Under this
condition the effect of capacitor will be an increase in the permissible
harmonic current injection. This will be another benefit with detunnig reactor
in addition to preventing the resonance at the low frequency.
I
total
S
g without non-distorting
gg with non-distorting
II with non-distorting
and capacitance
-U.Ul ' I ' I ' I ' 1 ' I • I ' I '

1

2

*

3. 5

bus n u m b e r

Figure 10.1: Permissible harmonic current injection at different buses for
different cases.

It is concluded that representation of non-distorting loads and system
capacitance has significant effect on the permissible harmonic current
injection level. Consequently to obtain a realistic value, all possible capacitor
combinations and loading conditions should be studied. To achieve this in a
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large power system, a computer program is required to accommodate all
combinations at the s a m e time like the frequency domain program as
discussed in Chapter 8

10.5 EFFECT OF HARMONIC VOLTAGE LIMIT ON THE
PERMISSIBLE HARMONIC CURRENT INJECTION

The proposed technique can be used to investigate the difference between
different standards on the permissible harmonic current injection. Particularly
the effect of limit at high voltage level on the permissible harmonic current
injection at low voltage level can be investigated. These studies can be used to
obtain more suitable limits than existing one with consideration of interaction of
different sources at all voltage levels. For this purpose the following cases have
been studied.

Case 5.1 Harmonic voltage limit at all buses equal to 4%
Case 5.2

Harmonic voltage limit at low voltage level (33 KV) is equal to 4%
and at high voltage level (132KV) is equal to 2%.

Case 5.3

Harmonic voltage limit at low voltage level (33 KV) is equal to 4%
and at high voltage level (132KV) is equal to 1%.

Case 5.4

Harmonic voltage limit at low voltage (33 KV) is equal to 5% and at
high voltage (132KV) is equal to 2%.

The 4% and 1% limits represent harmonic voltage limits at low and high volta
levels respectively according to the Australian Standard. The 5 % represent an
increase of 1 % in limit at low voltage level. The 2 % represent an increase of
1 % at high voltage level. This combination will allow to investigate the effect of
limit at each voltage level on the permissible harmonic current injection.
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Figure 10.2 shows permissible harmonic current injection at each bus with
different limits at buses for the case with representation of non-distorting loads.

Case 5.1 Harmonic voltage limit at all buses equal to 4%

With 4% harmonic voltage limit at all buses, the total maximum permissible
harmonic currents injection at low and high voltage buses are 0.029 and
0.04p.u respectively. The permissible current at each bus has been shown in
Figure 10.2.

Case 5.2 Harmonic voltage limit at low voltage level (33 KV) is equal to 4%
and at high voltage level (132KV) is equal to 2%.

In order to investigate the effect of the harmonic voltage limit at high voltage
level on the permissible harmonic current injection level, the limit at high
voltage level w a s decreased from 4 % to 2 % . The total harmonic current
injection level is 0.051 p.u which is 0.02 p.u lower than the case with 4 % limit af
all buses. The permissible harmonic current injection at each bus for this case
has been shown in Figure 10.2. It is observed that with lowering limits at high
voltage level, the permissible harmonic current injection at low voltage buses
(1, 2, 4) will increase at the expense of requirement of filters at high voltage
buses. This m e a n s in s o m e cases it is necessary to install filters at high rather
than low voltage level, although harmonic sources are at low voltage level. In
other words it is the limit at high voltage level which restricts harmonic current
injection at low voltage level. Similar conclusion was observed in Chapter 9
where harmonic voltage distortion level at 33 K V voltage level was within the
limit but at 132 K V it exceeded the limit.
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The effect of installation of filter at high voltage level instead of low voltage level
will be investigated in detail in the next Chapter.

Case 5.3 Harmonic voltage limit at low voltage level (33 KV) is equal to 4%
and at high voltage level (132KV) is equal to 1%.

For this case, the total harmonic current injection at low voltage level (buse
and 4) is 0.11 p.u. Part of this current (0.077p.u) should be absorbed by filters at
high voltage level.

Case 5.4 Harmonic voltage limit at low voltage (33 KV) is equal to 5% and at
high voltage (132KV) is equal to 2%.

For investigation of the effect of limit at low voltage level, the limit was i
from 4 % to 5 % with 2 % limit at high voltage level. The total harmonic current
injection is 0.06 p.u. The total increase in harmonic current injection as
compared with Case 5.2 is 0.01 p.u. This is due to higher harmonic current
absorption by the load. The permissible harmonic current injection at each bus
for this case has been shown in Figure 10.2.
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Figure 10.2: Permissible harmonic current injection at different buses for
different voltage limits.((4%),(4,2)%,(4,1)%,(5,2)%

10.6

CONCLUSION

To obtain suitable harmonic voltage limits at different voltage levels, it is useful
to determine the permissible harmonic current injection at each voltage level.
This m a y not be determined conveniently with conventional computer
programs. In this chapter a new method based on solution of a set of nonlinear equations has been proposed to give directly the permissible level. The
equations were formulated for solution with Newton-Raphson technique.

By applying the proposed technique on a typical power system, the
application of the technique w a s demonstrated.

It w a s found that

representation of non-distorting load can increase the permissible harmonic
current injection by 5 0 % .

Addition of the capacitor will reduce the permissible

harmonic current injection level. This is because capacitors will reduce the
equivalent impedance as seen from the bus with non-distorting load. This is
only valid if the detuning reactor of the capacitor does not cause the capacitor
to become inductive at the 5th harmonic.
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The method has been used for assessment and coordination of harmonic
voltage limits at different voltage levels. For this purpose the effect of
harmonic voltage limit at each voltage level on the permissible harmonic
current injection w a s investigated. It w a s found that an increase of limit on
high voltage level from 1 % to 2 % with 4 % limit at low voltage level, the
permissible harmonic current injection will increase by 3 0 % . A n increase of
limit on low voltage level from 4 % to 5 % with 2 % limit at high voltage level, the
increase will be by 2 0 % . These results indicate that if other restrictions such
as maloperation of protective relays or transformer overheating do not exist,
raising the limit at high voltage level will increase significantly the permissible
harmonic current injection at low voltage level. This in turn will decrease the
size and cost of required filters.

The proposed technique can also be used for harmonic management in
power systems for determining the size of several n e w distorting load if the
existing harmonic current injection level is known. If the size of distorting
loads exceeds the permissible level, it can be applied to give the size and
location of filters. The w e a k and strong points of the system for installation of
n e w distorting loads can also be identified. It w a s found that w h e n different
limits are imposed at different voltage levels, the strong points as obtained
from this method have not necessary the highest fault levels. In addition it was
shown that at s o m e buses, the contribution of sources in the rest of system to
the total harmonic voltage distortion level is higher than the contribution due to
local load.

Although this technique is efficient in computation time, the main
disadvantage of this technique is lack of choice for selection of buses for
harmonic current injection unless network reduction is used. T h e other
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disadvantage is lack of choice to obtain only the permissible harmonic current
injection without installation of filters. However, in the next chapter a method
based on constrained maximization is proposed to overcome these
restrictions.

CHAPTER 11
MAXIMUM PERMISSIBLE HARMONIC CURRENT
INJECTION (PART II, CONSTRAINED CURRENT)

11.1 INTRODUCTION
In Part I of Chapter 9 a method based on the solution of a set of non-linear
equation w a s described which gave the permissible harmonic current injection
at each voltage level with harmonic voltages at all buses equal to limits as
assigned in standards. Although this technique is efficient in computation time
and storage, there are s o m e restrictions as follows:

(i) Buses for harmonic current injection cannot be specified
(ii) It is not possible to obtain only the permissible harmonic current
injection level. The obtained current can be positive or negative value.
The negative value represents the requirement of filters.

In this chapter a method is proposed without above restrictions. The method is
based on non-linear maximization program with equality and inequality
constraints. O n e of the inequality constraint is the harmonic voltage distortion
level at monitored buses which should not exceed limits as assigned in
Standards. T h e other one is positive values for the magnitude of harmonic
current injection. T h e equality constraints are the relationship between the
harmonic current and voltage by the harmonic impedance. The objective
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function is defined as the sum of the magnitude of harmonic current sources
injected at selected buses.

The method has been applied to a typical power system to demonstrate its
application. The effect of non-distorting loads and system capacitance is
discussed. The effect of the harmonic voltage limit at various voltage levels on
the m a x i m u m permissible harmonic current injection is also investigated.

Like the method in Part I, the proposed method in Part 2 can also be used in
harmonic management and investigation on suitability of existing limits as
assigned in different standards.

The investigation on the setting of limits at different voltage levels are made
for the 5th harmonic.

11.2. MATHEMATICAL EQUATIONS FOR CONSTRAINED
NON-LINEAR MAXIMIZATION PROGRAM

The proposed method is defined as a constrained non-linear maximization
program with a set of equality and inequality constrained equations. The first
inequality constraint is the harmonic voltage magnitude which should be less
than limits as assigned in Standards. The second inequality constraint is
positive values for the magnitude of the harmonic current injection (for the case
of constrained current). The equality constraint is the relationship between the
harmonic voltage and current by the harmonic impedance. The objective
function will be the sum of magnitudes of harmonic current injection.

The harmonic voltage distortion level of a system is obtained from the well
known relationship of:
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(n.1)

where:

h : harmonic order (1,2,3

)

Ih : Harmonic current injection at system nodes
[Zh]: Network harmonic admittance
Vh: Harmonic system voltage at system nodes

The above equation constitute equality constraint. The expanded form of the
equality constraint which can be useful for incorporation into the computer
program can be found in Appendix G. The inequality constraints for each
harmonic are :

Vk<V|jmit (11.2)

(k= 1,2,3 m)

Ik >0

(11.3)

The objective function to be maximized can be defined as
i=k

fdi)=Xli
i=0

where:

(11.4)
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Viimit- The harmonic voltage limit at each voltage level
k:

The number of selected bus for harmonic current injection

Vk : The vector of harmonic voltage distortion levels at system buses
Ik :

The vector of m a x i m u m harmonic current injection at system buses

The above constrained non-linear maximization can be solved for the harmonic
current magnitude by standard methods.

A similar application of the

optimization technique has been applied for minimizing the network harmonic
voltage distortion with an active line conditioner [84]. In this report to solve the
maximization problem as formulated above a Fortran Subroutine for
Mathematical Applications called "IMSL" has been used [83]. A subroutine
called " N C O N F " which solves a general nonlinear programming problem using
the successive quadratic programming algorithm and a finite difference gradient
has been used.

If the current constrained as defined in equation (11.3) is not considered, the
like the method in Chapter 10, Part I (Method 1), this method can give the
required size of filters in addition to the permissible harmonic current injection.
However Method 1 is faster in terms of computation time than this method.

It is possible the location of the harmonic current injection at each voltage l
to be restricted only to a few buses while the harmonic voltage distortion level at
all buses should be kept within limits. In this circumstances, only those buses
with allowable harmonic current sources should be included in the objective
function.

11.3.

SYSTEM STUDIES
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In order to investigate the suitability of the technique, the method has been
applied on the s a m e 6 bus system (Appendix I ) as used in Chapter 1o, Part I.
This will allow to m a k e a comparison between methods. This method is applied
for Constrained and Unconstrained current.

Constrained current is defined by the inequality constrained as defined in
equation 11.2.

Unconstrained current is defined without including this

constrained in the program.

For each study case, the following system conditions are investigated:

(A:) Without representation of non-distorting loads and system
capacitance
(B):

With representation of non-distorting loads

(C):

With representation of non-distorting loads and system
capacitance

For all cases it is assumed that the upper bound of the harmonic voltage is 4%
at low voltage level (buses 1, 2 and 4) and 2 % at high voltage level (buses 3
and 5). In addition it is assumed that harmonic current can be injected at all
buses.

11.3.1: Constrained Current

Figures 11.1 and 11.2 show the permissible harmonic current injection and
voltages at different buses for different cases. The total harmonic current
injection for each case has also been shown in Figure 11.1. The effect of the
following system parameters have been investigated.
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Case (A): Without representation of non-distorting loads and system
capacitance

For this case, the total harmonic current injection is 0.018 p.u. All of this
penetrates into the transmission system since non-distorting loads have not
been presented. It is observed that the highest harmonic current can be
injected at bus 2 although bus 5 has the lowest impedance (Table II Chapter
10, Part I). The reason is that the limit at bus 5 (HV) has been selected lower
than the limit at bus 2 (LV). Consequently the permissible harmonic current
injection at a particular bus depends on the system impedance as seen from the
bus, transfer impedance and the limit assigned at that bus.

Case (B): With representation of non-distorting loads

For this case non-distorting loads are added at LV buses as in Case B in
Chapter 10, Part I. The total harmonic current injection is 0.046p.u. For this
case the highest harmonic current can be injected at bus 1 instead of bus 2
(Case (A)) since representation of non-distorting loads affects the system
impedance. A s compared with Case (A), the total harmonic current injection
level has increased by 0.028p.u. This additional current is due to harmonic
current absorption by non-distorting loads.

Case (C): With representation of non-distorting loads and system
capacitance

For this case, the same capacitor size as in Case C in Part I has been
considered at the LV level. The size of non-distorting loads is the s a m e as
Case (B). The total permissible harmonic current injection is 0.035p.u. Bus 1 is
the bus with the highest harmonic current injection level. As compared with
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C a s e (B), the permissible harmonic current injection has decreased by
0.011 p.u. The reason has been discussed in the companion report.
0.05

0.04-

without non-distorting
with non-distorting
with non-distorting
and capacitance

1

2

*
bus n u m b e r

total

Figure 11.1 : 5th harmonic current at different buses for different loading
conditions (constrained current)
0.05
0.04

without non-distorting
with non-distorting
with non-distorting
and capacitance
2

3

4

bus n u m b e r

Figure 1 1 . 2 : 5th harmonic voltage at different buses for different loading
conditions (constrained current)

From Figure 11.2 it is observed that with constrained current, the obtained
harmonic voltages at all of LV buses are not 4%. It seems only the bus with the
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highest harmonic impedance has 4% harmonic voltage level (e.g. bus 1, Table
II in Part I).

11.3.2 : Unconstrained Current

With unconstrained current, the required filter size in addition to the permi
harmonic current injection can be obtained. This is similar to the method as
discussed in the companion report. In order to compare this case with the case
of constrained current, the s a m e system loading conditions
considered.

have been

Figures 11.3 and 11.4 show the m a x i m u m harmonic current

injection and voltage for different cases with unconstrained current. The total
permissible harmonic current injection at the low voltage level has also been
shown in Figure 11.3. Table I shows the total m a x i m u m harmonic current
injection at LV and the required size of the filter at HV.
0.04-

g without non-distorting
E2 with non-distorting
H with non-distorting and
capacitance

1

2

*

3

5

bus number

Figure 11.3 : 5th harmonic current at different buses for different loadi
conditions (unconstrained current)
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0.05

without non-distorting
with non-distorting
with non-distorting and
capacitance
1

2

3

4

bus number

Figure 11.4 : 5th harmonic voltage at different buses for different loading
conditions (unconstrained current)

Table I : Total harmonic current injection for constrained and unconstrained
current

Case

constrained

Case A

LV=0.018

. j
unconstrained
LV=0.024
HV=-0.005

Case B

LV=0.046

LV=0.081
HV=-0.031

CaseC

LV=0.035

LV=0.073
HV=-0.04

A s a comparison between the constrained maximization technique with the
method described in the companion report, it was found that if the maximization
technique is used with unconstrained current , the two methods give the same
results.
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11.4. EFFECT OF HV AND LV FILTERS ON THE PERMISSIBLE
HARMONIC CURRENT INJECTION LEVEL

It is observed that for all system conditions, with unconstrained current the
permissible harmonic current at L V has increased as compared with the
constrained current but at the expense of filter installation at HV. The effect of
current constrained on the permissible harmonic current injection has been
illustrated more clearly in Figure 11.5. It shows the permissible harmonic
current injection for constrained and unconstrained current at different buses for
Case B. It is observed that the increase in harmonic current injection at LV for
unconstrained current as compared with constrained current does not occur at
all buses.
0.06

constrained
unconstrained
3 -0.02

bus n u m b e r
Figure 11.5: Permissible harmonic current injection at different buses for
constrained and unconstrained current (Case B)

The question arise whether installation of H V filters are justified for higher
harmonic current injection at the low voltage level or whether it is economical to
install equivalent filter at the LV instead of H V level. To answer these questions
results obtained for constrained and unconstrained currents are compared for
the case with non-distorting load (Case B).
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With 0.081 p.u total harmonic injection at LV, it is required to install 0.031 p.
filter at H V as shown in Table II (unconstrained current). With no filter, the total
permissible harmonic current injection is 0.046p.u at L V (constrained current).
Consequently by installing H V filter, the harmonic current injection at L V can be
increased by 0.034 p.u. Consequently if it is required to obtain 0.08 p.u
harmonic current injection at L V with installation of L V instead of H V filters, It is
required to install a total of 0.034p.u filter as shown in Table II. It is observed
that the size of the required L V filter is higher than H V filter by 1 7 % . In addition
LV filters are required to b e installed at three locations while for H V filters at two
locations. B y engineering judgment and cost comparison, the benefit of H V
instead of L V filter can be obtained.

Table II :The permissible harmonic current injection for constrained and
unconstrained current at different buses for Case B

Bus number

constrained

unconstrained

LV filter

1(LV)

0.0195

0.0143

-0.0052

2(LV)

0.017

0.047

0.03

3(LV)

0.01

0.02

0.01

4(HV)

0.0

-0.025

5(HV)

0.0

-0.006

Total L V

0.046

0.081

Total H V

0.0

-0.031

11.5.

0.034

EFFECT OF HARMONIC VOLTAGE LIMIT ON THE
PERMISSIBLE HARMONIC CURRENT INJECTION
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The proposed technique has been applied for investigation on the suitability
of existing harmonic voltage limits at different voltage levels as assigned in
different standards. For this purpose the effect of voltage limits at different
voltage levels on the permissible harmonic current injection has been
investigated. The limits chosen are as follows:

Case(i): Harmonic voltage limit at all buses equal to 4%
Case(ii):

Harmonic voltage limit at low voltage (33 KV) is equal to 4% and
at high voltage (132KV) equal to 2%.

Case(iii):

Harmonic voltage limit at low voltage (33 KV) is equal to 4% and
at high voltage (132KV) equal to 1%.

Case(iv):

Harmonic voltage limit at low voltage (33 KV) is equal to 5% and
at high voltage (132KV) equal to 2%.

The 4% and 1% limits represent harmonic voltage limit at low and high voltage
levels respectively according to the Australian Standard. The 5 % represent an
increase of 1 % in limit at low voltage levels. The 2 % is an increase of 1 % at
high voltage level. This combination will allow to investigate the effect of raising
the limit at each voltage level on the permissible harmonic current injection.
Hence each limit for each case is actually the upper bound of the voltage as
defined in Equation 11.2.

For all cases, the method has been applied for harmonic currents injected onl
at selected buses (LV buses) with current constraint (e.g., no filter). In addition it
is assumed that non-distorting loads have been connected (Case B).

Figure 11.6 shows the maximum permissible harmonic current injection at
distribution buses for various limits. Figure 11.7 shows obtained voltages for
different limits.
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Harmonic voltage limit at all buses equal to 4%

The total harmonic current injection for this case is 0.058p.u.

Case(ii): Harmonic voltage limit at low voltage (33 KV) is equal to 4% and
at high voltage (132KV) equal to 2%.

With lowering the limit at high voltage level from 4% to 2%, the permissible
current injection decreases by 2 0 % .

Case(iii): Harmonic voltage limit at low voltage (33 KV) is equal to 4% and
at high voltage (132KV) equal to 1%.

As compared with case (ii), by lowering further the limit at high voltage lev
from 2 % to 1%, the permissible harmonic current injection will decrease by
4 0 % . This indicates that the effect of lowering the limit at H V from 4 % to 2 % is
less than from 2 % to 1%.

Consequently the relationship between the

incremental increase in limit at H V and the incremental harmonic current
injection at LV is not linear.

Case(iv): Harmonic voltage limit at low voltage (33 KV) is equal to 5% and
at high voltage (132KV) equal to 2%.

The total harmonic current injection for this case is 0.05 p.u. As compared
Case (ii), with increase of limit at low voltage level from 4 % to 5 % , the
permissible harmonic current injection has increased by 9%. This is due to
higher harmonic current absorption by non-distorting loads.
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In general, it is observed that increasing the limit at HV is more effective
LV. For example with 1% increase in limit at HV or LV, the harmonic current
injection level can increase by 40 and 9% respectively.
0.06

4%
(4,2)%
(4,1)%
(5,2)%

1

2
a
bus number

total

Figure 11.6 : M a x i m u m permissible 5th harmonic current at different buses for
different voltage limit (constrained current)
0.06

4%
(4,2)%
(4,1)%
(5,2)%
1

2

3

4

bus number
Figure 11.7: 5th harmonic voltage at different buses for different voltage
(constrained current)

11.6.

FUTURE WORK

The problem of the m a x i m u m harmonic current injection can be expressed in
another form. For example, instead of absolute values, the maximum
incremental harmonic current injection can be obtained. For this purpose
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assume that the existing harmonic voltage distortion levels at "m" buses in th
system are ' V e m " and the magnitude of existing harmonic current sources at
these buses are " l e m " .

In order to find the m a x i m u m additional harmonic

current injection (|am) at these buses, variables of V

m

and l m in the above

equations should be substituted with:

lm=lem+lam (11.5)
Vm=Vem+Vam

(11.6)

It was found that representation of non-distorting loads and system
capacitance has significant effect on the permissible harmonic current
injection level. Consequently to obtain a realistic value, all possible capacitor
combinations and loading conditions should be studied. To achieve this in a
large power system, a computer program is required to accommodate all
combinations at the s a m e time like the frequency domain program as
discussed in Chapter 8

The proposed method can be applied to give the location and the optimum
size of required filters for m a n y consumers with distorting loads. These filters
can be interpreted as c o m m o n filters. The cost of these filters can be shared
a m o n g consumers in proportion to their size. This will also avoid separate
studies for installation of individual filters. This proposal can be especially
attractive for several consumers on the same distribution feeder.

11.7. CONCLUSIONS

With conventional computer programs, it is not possible to investigate the
suitability of existing harmonic limits at different voltage levels as assigned in
standards. In Part I of Chapter 10 a method was proposed to m a k e this type of
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investigation possible. Although the proposed technique is efficient in
computation time, there are s o m e restrictions for its application. For example
buses cannot be specified for harmonic current injection. In Part II of Chapter
11 a technique based on constrained non-linear maximization program has
been proposed to overcome these restrictions

For this purpose the effect of

limits on the permissible harmonic current injection at each voltage level has
been obtained. In this technique the harmonic voltage level and the positive
value for the magnitude of harmonic currents (for the case of constrained
current) constitute inequality constraints.

The equality constraint is the

relationship between the harmonic current and the voltage by the harmonic
impedance. The objective function is to maximize the sum of the magnitude of
harmonic current injection at different buses.

The technique has been applied on a typical meshed power system to
demonstrate its application. The effect of representation of non-distorting loads
and system capacitance on the permissible harmonic current injection w a s
investigated. It w a s found that with representation of non-distorting loads, the
permissible harmonic current injection can be increased by 5 0 % . O n the other
hand if the system capacitance is represented, the permissible harmonic current
injection can be decreased by 5 0 % provided the capacitor has not a detuning
reactor set at low frequency .

The proposed method has been used with constrained and unconstrained
current. T h e permissible harmonic current injection at low voltage level is
higher with unconstrained than constrained current at the expense of
installation of filters at HV.

Comparison was made between economical benefit of HV instead of LV filters
for the s a m e level of harmonic current injection at the LV level. It was found that
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the HV filter can be smaller than LV filter by a factor of 20% with installation
fewer locations as compared with H V filter.

The setting and coordination of harmonic voltage limits at different voltage
levels were investigated. It w a s found that by increasing the voltage limit at high
voltage level from 1 % to 2 % , the permissible harmonic current injection
increases by 4 0 % . By increasing the limit at low voltage level from 4 % to 5 % ,
the permissible harmonic current injection level increases by 9%. It is observed
that if there is not any other restriction such as transformer overheating and
protective relay maloperation, raising the limit at high voltage level will have
significant effect on the permissible harmonic current injection at low voltage
level. In addition the increase in limit at high voltage level is more effective than
the increase at low voltage level.

Conclusions obtained in this chapter regarding the effect of system parameters
and harmonic limits on the permissible harmonic current injection are similar to
those obtained in Part I However, there are several advantages of the
constrained maximization technique as compared with the first method. For
example, there is a choice for the selection of buses for harmonic current
injection, it is also possible to obtain the permissible harmonic current injection
level with or without installation of filters.

The proposed technique in this chapter can also be used for harmonic
m a n a g e m e n t in the power system to determine the m a x i m u m size of an
individual distorting load. In addition the w e a k and strong points of the system
can be identified. It w a s found that if the s a m e harmonic voltage limit is applied
at all voltage levels, the bus with the highest harmonic current injection has the
lowest equivalent system impedance. However this relationship does not exist
if different limits are imposed at different voltage levels.
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Finally, if it is necessary to inject harmonic current more than the permissibl
level, the method can be used to give the optimum size and locations of
required filters. The cost of c o m m o n filters can be shared a m o n g different
customers according to the size of its load. With this policy, each customer will
gain the maximum benefit.

CHAPTER 12
CONCLUSIONS

With the increased importance of harmonics in power systems, significant
development has been achieved in the area of harmonic analysis computer
programs, modelling, mitigation and measurement techniques. However,
there are still m a n y areas which deserve a closer investigation such as the
suitability of the existing harmonic voltage limits as assigned in different
standards and harmonic management.

Existing harmonic standards give a different limit for each voltage category.
these limits are not well coordinated then there will be unnecessary restriction
of harmonic injection. The proper coordination of voltage limits is difficult to
investigate experimentally since it would
simultaneous data logging.

require widespread

and

This thesis described a computer-based

technique which can be used to investigate this problem. The approach w a s
statistical and accounted for variations in the Space and the Time Domain.

With existing harmonic management techniques, there is no guarantee that
after connection of a n e w distorting load, the harmonic voltage distortion level
remain within limits at all voltage levels. It does not also give the permissible
size of several distorting loads which can be connected at different locations
and voltage levels simultaneously. Consequently, two deterministic technique
based on constrained and unconstrained maximization program were
proposed to overcome the existing restrictions.

Chapter 12: Conclusions

To develop and implement the computer-based technique for statistical
calculation of harmonic voltage distortion levels, it w a s necessary to
investigate also in s o m e other areas of harmonics studies such as harmonic
current source modelling and harmonic analysis techniques.

The existing models for distorting loads are not suitable to incorporate into
frequency domain computer programs since in practice the location, type and
the size of sources are unknown. A method based on test measurements data
w a s proposed to model distribution feeders with different load category by an
ideal ac current source.

To investigate the above problems new techniques in Time and Frequency
Domains have been used. For Time Domain analysis, a power electronic
simulation program (PES) has been applied. The correct functioning and
accuracy of the simulator with regard to harmonic sources and other
distribution equipment such as motors and converters were verified. The
results obtained by the simulator correlate very well with other techniques. For
Frequency Domain analysis, a computer program has been modified to give
various statistical data of the harmonic voltage distortion level in Time and
Space Domains.

The preliminary application of time and frequency domain computer programs
showed that on a distribution feeder with a mixture of converter, constant
impedance and induction motor loads, the harmonic current at the P C C is
reduced by that absorbed by the non-distorting loads. This absorption is not
significant with constant impedance loads but is important with induction motor
loads. This reduction can be estimated very well for a normal system from the
load and system impedances.
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HARMONIC MODELLING OF DISTRIBUTION FEEDERS

To derive suitable harmonic modelling of distribution feeders, both analytica
and measurement techniques have been used. For measurement technique
existing test data as performed by different utilities have been analysed.
However for calculation of the statistical data with frequency domain computer
program, results of test measurement data have been used.

For computer modelling, PES has been used to derive models for existing and
future commercial computer programs in the frequency domain. For this
purpose a distribution feeder with different load compositions has been
studied. For existing computer programs a mathematical expression has been
derived to calculate the value of harmonic current distortion level at the P C C if
the size of distorting and non-distorting loads are known.

For future computer programs a Norton type equivalent circuit for harmonic
calculations has been determined. A curve-fitting program has been used to
obtain simple expressions for the variation of harmonic quantities up to the
25th.

Alternatively, the calculations can be carried out using on-site

measurements. T w o models have been proposed. Model 1 uses values at
the point of c o m m o n coupling only but ignores the Norton impedance. It has
been shown that typical values for harmonic currents can be obtained by
simple expressions if the load composition is known. The ratio function gives
sufficient accuracy for variation of the harmonic current for both of the above
models over the frequency range investigated.

Model 2 is a Norton equivalent circuit and is calculated using current
measurements at both the point of c o m m o n coupling and the converter load.

Chapter 12: Conclusions

244

Data for the use of Model 2 m a y prove to be difficult to obtain with on-site
measurements, especially where the converter part of the load is distributed.

The use of mathematical expressions will reduce the labor of setting up load
models, where the program has this facility. The simplicity of the models allows
large studies involving m a n y simultaneous harmonic sources to be run easily.

For modelling of distribution feeders with different load categories in the
frequency domain computer program results of more than 1000 test
measurement data as performed by different utilities were analyzed. In
addition the data of s o m e test measurements as performed in the local
lllawara Electricity network on distribution feeders was analyzed. Based on
these data, harmonic current distortion levels for three classes of load w a s
recommended. A technique using least squares was proposed to give the
individual harmonic current distortion level for each class of load category.

For both deterministic methods of harmonic modelling the assumption of
representation of harmonic sources with ideal current sources and equal
phase angles w a s investigated firstly for loads on one distribution feeder and
secondly for distribution feeders in different subsystems. It has been assumed
that the loads, like A C drives, have diode rectifier front ends.

For the first case it was found that this assumption can be used for harmonics
up to the 13th with an error of less than 1 5 % .

For the second case, it was shown that the phase angle of the equivalent
source should be equal to the phase angle of the fundamental system voltage
at the P C C where the distribution feeder has been connected otherwise an
error up to 3 0 % m a y occur.
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The results obtained for the harmonic source modelling were used for the
statistical calculation of the harmonic voltage distortion level in the frequency
domain computer program.

12.2. ASSESSMENT OF THE EXISTING HARMONIC LIMITS

The suitability of the existing harmonic limits as assigned in different s
w a s investigated with the aid of a computer based technique. The results
were given in terms of histograms and statistical parameters for weak and
strong subsystems at different voltage levels. Recommendations were m a d e
for changes in the harmonic limits at medium and high voltage levels.

A summary of the statistical evaluation of the harmonic voltage distortion
on a large interconnected network is as follows:

(i) Distribution shapes at 132 KV voltage level and above are similar to
each other (negatively skewed) but such a similarity does not exist at 33
K V level and below.

(ii) Under normal system condition the 95% level is close to the maximum
value. However, under resonance conditions, the 9 5 % can be much
less than the maximum and is a more suitable value to use. Low level
of distortion limit at high voltage level restricts unnecessarily the loads
which can be connected to the distribution system.

(iii) For some subsystems and harmonic orders, the harmonic voltage
distortion level can be higher with only subsystem sources or the
sources in the rest of the system as compared with all harmonic
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sources. This is mainly due to the phase shift of the network caused by
system capacitors.

(iv) The distribution shape of the 7th harmonic voltage is different from the
5th harmonic. Therefore for comparison between the harmonic voltage
distortion level and compatibility level, studies should be m a d e for each
harmonic order.

12.3 HARMONIC MANAGEMENT IN POWER SYSTEMS

With statistical technique it was found that it is possible that the harmonic
voltage level at low voltage level to be within the permissible limit while at high
voltage level it exceeds limits. Based on this two n e w deterministic techniques
have been developed which give the permissible harmonic current injection
with harmonic voltage levels equal to limits at H V and LV levels. With these
techniques the effect of harmonic voltage limits at different voltage levels on
the m a x i m u m permissible harmonic current injection at each voltage level has
been investigated. In the first technique the state of the system is formulated
by a set of non-linear equations. In the second technique the problem has
been formulated for a constrained non-linear maximization program with
equality and inequality constraints. The practicality of methods were verified
by application on a typical meshed network. It w a s found that increasing the
harmonic voltage limits at high and low voltage levels will increase the
permissible harmonic current injections. However, raising the limit at H V is
more significant than at LV. The system shunt capacitance will reduce the
permissible level due to cancellation of part of the non-distorting load
inductance. These techniques can also be used for harmonic management to
determine the m a x i m u m permissible size of several n e w distorting loads

Chapter 12: Conclusions

247

which can be connected at different voltage levels and locations
simultaneously.

Finally, the topics as discussed in this thesis have covered some of the
existing unsolved problems in the area of the power system harmonics. The
proposed modelling of the distribution feeders can be a promising approach
for harmonic source modelling in future commercial programs.

The

assessment of harmonic voltage distortion level based on the statistical data
can be an effective approach for harmonic standard.

The proposed

techniques which give the m a x i m u m permissible harmonic current injection
level at each voltage level can be used for the selection of suitable harmonic
voltage limits at different voltage levels in standards and harmonic
management in power systems.
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APPENDICES

Appendix A

The following types of models exist in PES:

(i) Passive components including resistor, capacitor, inductor and several
types of transformers.
(ii)

Independent voltage and current sources with constant, sinusoidal and
pulse waveforms, a two-input non-linear dependent voltage source
which is an analytic function of voltage and current elsewhere in the
circuit.

(iii)

Rotor machines including dc motor, single and three phase induction
motors with representation of mechanical load.

(iv)

Power semiconductor devices and circuits including the ideal switch,
diode BJT, Power M O S F E T , S C R and six pulse bridge converter.

(v)

Logic blocks including A N D , N O R , B U F F E R and N A N D

(vi)

Control modules including O P A M P and PI Controller

(vii)

Voltage and current probes measure values in one part of the simulated
circuit and pass them on to other elements. They can be used as
isolated amplifiers, to control another element or to provide an output
waveform.
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Appendix B

The device models used for harmonic analysis are : six pulse bridge rectifier,
three phase ac induction motor, transformers and passive elements. The
details of these models are given below:

B.1 Six Pulse Bridge Rectifier

The rectifier is set up as a subcircuit consisting of six SCRs and their contro
circuit. Referring to Figure B.1, terminals of the subcircuit are:
• Va, Vb, V c : ac input
• dc+, dc-:

dc output

• c+, c-:

control voltage input

The SCR model used in these studies is an ideal SCR (actually a switched
resistance for numerical reasons). The program can set up more complex
S C R models if required, e.g. including forward voltage drops and reverse
recovery, but these are usually unimportant in harmonic studies. The firing
control circuit is designed for a fixed 50 Hz supply (it can be easily modified for
60 Hz). A control voltage is used to set the firing angle according to:

Firing angle (degrees) = 10Xcontrol voltage (volts)

Most of the subcircuit shown in Figure B.1 performs the control action which is
based on a ramp comparison technique.
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Figure B.1. PES Rectifier Subcircuit

Current source h charges capacitor Ci, giving a linear voltage ramp. Once
every cycle of the ac supply, a pulse is generated by V p i which closes switch
Sw1, rapidly discharging Ci through Ri and holding the voltage across Ci
low for 10 ms. This results in a sawtooth waveform synchronized to the ac
supply across Ci on every alternate half cycle and zero voltage every other
half cycle. The voltage probe acts as a comparator between the capacitor
voltage and the firing angle control voltage applied between c+ and c-, firing
S C R Si when the capacitor voltage exceeds the control voltage. The drive
circuits for the other 5 S C R s are similar but with different phase angle offsets.
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Note that the voltage 'V fix' which is added to the control voltage is to correct
for the voltage drop across Ri when Ci is discharged.

Constant control signals have been used in the studies reported here. If
required the control signal can be m a d e to follow a prescribed profile by
connecting a time varying source to the control terminals. More sophisticated
control circuits such as phase locked loop circuits can be set up also.

B.2 Three Phase ac Induction Motor

The three phase, 2 pole induction motor PES subcircuit is shown in Figure
B.2.

T h e mechanical output is represented by a voltage and current

numerically equal to the torque (Nm) and speed (rad/s) respectively. It has the
following terminal connections:

a, b, c: ac supply
m + , m-:

mechanical output

The parameters of the motor are:

Rl: stator resistance
Li:

stator inductance

M:

mutual coupling stator-rotor

R2:

rotor resistance(stator referred)

L2:

rotor inductance(stator referred)
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Figure B.2. P E S Induction Motor Subcircuit

After connection to the supply there will be a transient component of stator
current which causes a large ripple in the motor torque at the supply
frequency. R1 should never be set to zero as this leads to this transient
component having an infinite time constant giving erroneous results.

The equations of the motor are outlined later on and are solved by the
equivalent circuit as n o w described. The voltage probes in Block A sense the
phase voltages. These are passed on to four blocks at the bottom left hand
performing the a, b transformation following equation(1). Flux linkages are
found by integration in these blocks following equation(2). Voltage probes
sense the flux linkages and pass them on to the four blocks towards to the
right hand side to form the transformed currents following equations(3,4). The
four transformed currents are labeled h a , ilb, '2a, »2b in Figure B.2 and are
passed on to the right hand block in which torque is calculated following
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equation(5). The transformed currents are also passed back to the fluxlinkage calculation blocks. They are passed to Block A so as form the three
phase currents by the inverse a, b transformation as given in equation(6).
Speed (numerically equal to current) is sensed at the torque calculation block
and passed back to the two lower left hand blocks. These use two-input nonlinear dependent voltage sources to calculate the speed voltage terms as the
product of speed and flux-linkage.

B.3

Mechanical

Load

The model for mechanical load is as shown in Figure B.3 and is based on the
well known electrical analog. The terminals of the subcircuit are
Kd J

Figure B.3. P E S Mechanical Load Subcircuit

1, 2: mechanical input

Subcircuit parameters are

T: constant torque (Nm)
Kd:

damping torque coefficient (Nm/rad/s)

J:

inertia (Kg-m 2 )

For varying loads, if the speed or torque variation is known, this subcircuit
be replaced by a current or voltage source having an appropriate waveform.
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Induction Motor Simulation

The equations of an induction motor using the natural variables of stator and
rotor variables contain angle varying inductances. P E S can represent the
associated trigonometrical functions and multiplications but there is a more
convenient approach requiring considerably less calculation. A s described in
Kovacs [85] the equations can all be transformed to a stator a b co-ordinate
system resulting in the elimination of all angle varying terms. The transformed
rotor quantities are not related easily to the natural ones but this does not give
any difficulties as the natural rotor quantities are not required by the rest of the
simulation.

The transformed equations and their manipulation for simulation purposes are
described in Gosbell [63-65] and is summarized below. Subscripts 1 and 2
distinguish stator and rotor, subscripts a and b distinguish two stationary
perpendicular axes and q is the rotor position. Other symbols have their usual
meaning.

Three phase stator voltages are transformed to a, b co-ordinates:

via = 2 v1a- v1b = "T (v1b - vie) 0)

Transformed flux-linkages are calculated from voltages and currents by
integration.

yia = /(via -Rlha)*, y2a = J(-qy2b - R2"2a)dt (2)
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Similar equations can be found for the b components. Currents are found by
inverting flux linkage equations:

ha = T(t-2yia-My2a) (3)

where
A = LiL2-M2

(4)

There are similar equations for the other three current components. To
calculated using:
2 (5)
T = 3 M (iibi2a->1ai2b)

v

'

Three phase stator currents are determined from the a, b components
2. ha hb ;, _ Ha Jib (6)
ila = 3'1a, i1b = -"3" + ^73'l1c~" 3 " V3
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APPENDIX C

HARMONIC CURRENT DISTORTION LEVEL OF DISTRIBUTION
FEEDERS WITH

MIXED LOAD CATEGORIES

From test measurements by various utilities, different harmonic current
distortion for each load category w a s obtained. Most of the tests data is in
terms of individual predominant harmonic current distortion and total harmonic
distortion. T o obtain more suitable values for individual harmonic current
distortion than those shown on Tables VIII, IX, X in Chapter 7, numerical
techniques can be used. In order to apply numerical techniques on tests data,
it is necessary to derive a relationship between individual harmonic distortion
(Dh) and the total harmonic distortion (THD).

Let the individual harmonic current distortion (%) and the total harmonic
current distortion (%) be:
Ih
Dh(%)= 100 ^

THD|(%)=100

V

h=N

Ilh2

I'l
h=2

Where, Ih
N

'• individual harmonic current level
: upper limit of harmonic order (e.g N=42 or 50)

From equations (1) and (2):

(1)

(2)
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N
lDh2=THD2
h=2

(3)
y

'

Assume a distribution feeder supplies a mixture of residential, commercial and
industrial loads. Let the fundamental and harmonic current of each load
category be :
-Residential load : l-jr, 'nr
-Commercial load : '-jc> 'nc
-Industrial load :

(h=2,3,5,7,..)

'-|j» 'hj

-Total fundamental feeder load : h

Assume that harmonic distortion at the Point of Common Coupling (PCC) i
equal to the arithmetic summation of the individual harmonic distortion of each
load type (neglecting the phase angle difference):

'th= 'hr+'hc+'hi h=2,3,5,7, (4)

The total harmonic current distortion at the P C C is obtained as:

THD|(%)=100

V
'

h-N

K'hr+Whi ) 2
=

ic

,

(5)

h=2

Using equation (1) for individual harmonic distortion for each load cat
can be found :

S ( D h r H r + D h c H c +D n ihi) 2 = (THD) 2 H 2
h=2

(6)
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Equation (3) can be used for feeders with only one type of load category.
Equation (6) can be used for feeders with mixed load category if the proportion
of each load category is known. From several test measurements a set of
equations can be obtained which can be solved by the least squares
technique to give the individual harmonic current distortion (D.) for each load
category. For computer modeling of distribution feeders with mixed load
categories, the proportion of each load category should be known. Let ar, a.,
a- be the load proportion of residential, commercial and industrial loads
respectively. Using equation (1), the total harmonic current at the P C C is
obtained as:

'ht = (ar Dhr + ac Dhc + ai Dhi) h OO

For example, assume the proportion of residential, commercial and industria
loads on a feeder are 2 0 % , 5 0 % and 3 0 % respectively.

Using the

recommended data of Tables VI, VII, VIII and equation (7), the total 5th
harmonic distortion (D5) at the P C C will be 4.5%. Let the fundamental feeder
load current be 300A. The total magnitude of the 5th harmonic current at the
P C C will be 13.5 A. This can be represented as an equivalent current source
in the computer program.
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EXISTING AND MODIFIED VERSION OF THE FREQUENCY
DOMAIN COMPUTER PROGRAM FOR CALCULATION OF THE
STATISTICAL DATA

In this Appendix the required computer program modifications for the
calculation of the statistical data of the harmonic voltage distortion level is
described. T h e original program has been developed by Pacific Power
Company, N S W , Australia. The required modifications in Fortran language
has been attached. Hence only the n e w commands have been given which
should be added at the right locations in the original version. To identify the
right location, a few c o m m a n d s of the existing version have also been given.

D.1 DESCRIPTION OF THE EXISTING VERSION OF THE
PROGRAM

The complete manual of the original version of the program has been written
by the Pacific Power Company. Major features and functions of the program
have been described briefly below:

In the data organization, the system is divided into the transmission system
and different sub-systems (sub-transmission and distribution system). The
transmission system consists of voltage levels of 330 and 550 KV. The subsystems consists of voltage levels from 132 K V voltage level down to 11 K V
level. T w o major functions are performed by the program:

Appendices
(i)

275

It calculates the input impedance and the m a x i m u m voltage within a
particular sub-system (for all combinations of capacitors and line
outages within the studied sub-system). This function is achieved by
injecting a 1 p.u. current source at one nominated source bus within the
studied sub-system.

(ii) It allows the calculation of harmonic voltages within the studied subsystem due to the assigned harmonic current sources throughout the
system. For this purpose it is assumed that 2 0 % of the power (load) at
each load busbar is a 6-pulse rectifier load and that for each harmonic
the current is 1/Harm times the rectifier power. For example the
harmonic current injection at each bus for each harmonic is obtained
from:

H_cur (J) = 0.2 * FRLOAD * PL(J)/Harm

Where PL(J) is the maximum active load at bus J and FRLOAD is the
fraction of the m a x i m u m load for a particular study. Harm is the
harmonic order.

For the calculation of the harmonic voltage distortion level within a
particular sub-system several steps should be performed. For example,
first all of sub- systems except the studied sub- system are reduced to
an equivalent networks at the c o m m o n buses with the transmission
system. Secondly the program reduces the transmission system with
all other reduced sub-systems to an equivalent network at the c o m m o n
buses with the studied sub-system. Thirdly the harmonic voltage
distortion is calculated for the studied sub-system.
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D.2 DESCRIPTION OF THE NEW VERSION OF THE PROGRAM

The existing version of the program has been modified to perform the
following functions:

(i) Representation of different load categories
(ii)

Calculation of the statistical data of the harmonic voltage distortion level
at different voltage levels.

(iii)

Calculation of the statistical data at the ultimate load level

The detailed computer program modification for each of the above function is
described below:

D.2.1 Representation of different load categories

For representation of different load categories (residential, commercial and
industrial loads), it has been assumed that the individual harmonic current
distortion level for residential, commercial and industrial loads are according
to Tables VIII, IX and X for the 5th and 7th harmonic as shown in Chapter 7 .

To model the loads in the computer program, several modifications in the
following subroutines of the program have been made.

T h e detailed

information of each subroutine can be found in the original manual.

(i) Subroutine DATA.SET
(ii)

Subroutine IN_DATA

(iii)

Subroutine Y _ M A T . F O R

(iv)

Subroutine B U S I N C . F O R

Appendices
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Subroutine D A T A . S E T

This subroutine contains all of sub- systems and transmission system. To
assign the type of each load category at each busbar, the following codes has
been used.

Code '1' : represents purely residential load
Code '2' :

represents purely commercial load

Code '4' :

represents purely industrial load

Code '5' :

represents mixture of residential, commercial and industrial
loads with selected proportion.

For code '5' the proportion of each load type should be given in percentage a
each busbar.

The data should be entered for all of sub-systems. For example :

C:\HARMONIC\DATA> EDIT SYS90H.DAT

For the studied sub-system (e.g. SYW90H.DAT), the above codes should also
be entered in the following directory. For example:

C:\HARMONIC > EDIT SYW90H.DAT

D.2.1.2 Subroutine IN_DATA

In this subroutine in the section of " KCON=5 Read Bus Data" the following
modifications should be m a d e :

Appendices
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Assign a parameter "NI" to indicates the code for the load type. Assign
parameters A, B and C for proportion of the residential, commercial and
industrial loads at each busbar. Change also the relevant Fortran
Format" c o m m a n d s accordingly. Note that all of the subsequent "Write
C o m m a n d s " should also be modified.

2- In the section " Store the data for this bus number", assign the matrices
"NIH, AR, B C C , Cl" for storing the code of the load type and the
proportion of each load category.

3- Store the data at the monitored buses.

D2.1.3 Subroutine BUSINC.FOR

In this subroutine, the new parameters (AR, BCC, ) and the common
parameters should be defined.

D.2.1.4 Subroutine Y_MAT.FOR

In this subroutine, the level of the harmonic current injection at each bus
harmonic order for each load type is assigned. Hence for light load conditions
w h e n the individual harmonic current distortion level of commercial and
industrial loads decrease to 10 % and 3 0 % of the peak load, the appropriate
c o m m a n d s as underlined should be used.

D.2.2 Calculation of the statistical data of the harmonic
voltage distortion level

Appendices
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The new version of the computer program calculates various statistical d
various voltage levels as discussed in Chapter 8.

Calculation of the statistical data at the voltage levels between 33-330
voltage level can be made.

All modifications have been m a d e in

H A R M C A L C . F O R subroutine.

A Brief description of the modifications has been described below:

D.2.2.1- Calculation of the statistical data at 330KV voltage level
down to 33 KV

First all of the samples of harmonic voltage distortion levels at each v
level are stored in different matrices for all capacitor combinations and line
outages. Then various statistical data as mentioned in Chapter 8 such as 9 5 %
level, mean, maximum value of harmonic voltage distortion levels and so on is
calculated. For the calculation of the cumulative curve, the ratio of all of the
samples of the harmonic voltage distortion level with respect to the maximum
voltage is obtained. The number of the samples which exceed a certain
percentage of this ratio is calculated. The certain percentages are 95%, 90%,
85%,

and 5 % of the maximum. Histograms can be obtained from the data

obtained for cumulative curve.

PROGRAM HARMCALC

C

INTEGER LDOPLN

.'Total number of combinationstsamples) for all line
'outages and all capacitor combinations

C Parameters for 132 KV voltage level
C
First row : (Cumulative Curve) Number of the samples which exceed a percentage of the maximum voltage, array for satrix
C
Second row ; Percentage of the maximum voltage at 132 KV, percentage of the samples which exceed a
C
certain percentaqe of the maximum voltage
C Note : Select the size of the matrix to cover the range of (0.05-0.951tViax(refer to calculation!
INTE6ER N100P(30),ITL
REAL MhMP,NPERCENTJ1P(30)
C Parameters for 66KV voltage Level, similar to 132 KV level
INTEGER N100P2(30),ITL2
REAL hW2,NPERCENT_riP2(30)
C Parameters for 33 KV voltage level, similar to 132 KV level
INTE6ER N100P3(30),ITL3
REAL HM«P3,NPERCENT.MP3(30)
REAL VHAXS,VCHECKS .'Maximum voltage at the load point (330 KV),real variable
C Followintg parameters are for 132KV voltage level : (First row) Maxinun voltage at 132 KV, percentage of the maximum voltage, real
variable fJ
C
'Ratio of the voltage to the maximum value, percentage of the sanples which exceed a certain value*
C
voltage level which 57. of the samples exceed that level, standard deviation at 132 KV
C
(Second row) :Number of samples which exceed a certain value, number for array ,
C
total number of samples for all capacitor combinations and line outages, number for 132 KV monitored bus, Array for the matrix,
C
total number of monitored bus
C
(Third row) :Matrix of the all the samples, the magnitude of the matrix
C Note : Select the sizes of the matrix to accomodate all samples for all line
C
outages and capacitor combinations
REAL VMAXA,NMA.VCHECKA,VCHECK.KA(1000),NPERCENT.HA,V132.5,SUNSQ1
INTE5ER N100A,KT,MAX,NK,KKT,NKK
REAL CYZ3(1000),CYZ4(1000)
C The parameters for 66KV voltage level, definitions are similar to 132 KV
REAL VMAXB,Hf1«B.VCHECKB.VCHECK.«B(1000),NPERCENT.MB,V66.5,SU«Sa2
INTEGER NIOOB.KTB.NAXB.NKB.KKTB.NKKB
REAL CYZ5U000),CYZ6(1000)
C Parameters for 33KV voltaqe level, definitions are similr to 132 KV
REAL VHAIC.HUHC,VCHECKC.VCHECK_HC(lOOOt,NPERCEMT_HC.V33_5, SUHSB3
INTEGER N100C.KTC,MAXC,NKC,KKTC.NKKC

REAL CfZ7(1000i,CY:8(10uOI
C Parameters for mean values for 132, 66 and 33 KV voltage level
REAL MEAN01.KEANNi.MEAN02,MEANN2,MEAN03,MEAhNS
C Parameters for percentage of the samples which exceed the limit(132. 66 and 33 KV)
REAL NPERCENT1,NPERCENT2,NPERCENT3
C Parameters for number of samples which exceed the hi)it(132. 66 and 33 KV)
INTE6ER M0O,N2O0,N3O0

C—
C

Begin loop over line outages
KT=0
KTB=0
KTC=0
ITERB=l
VMAXS=0.0

Initialize the number of the array(132KV)
(66KV)
(33KVI
Initialize the number of the iteration
Initialize the maximum voltage at supply point

DO 447 NGQ = l.NDRQP
NLL = 0

Initiate the number of the dropped

C Firstly, look at results of the chosen set of harmonic currents in the system.
c

C
C
C

Only aim here is to find (for this combination of capacitors) the value and
location of the harmonic voltage where its value (relative to AS2279
limits) is the highest.
Initiate for this combination,
VNAX = 0.
Loop over monitored buses.
DO J = 1. NUHMON
Voltage relative to limit.
VCHECK * CABS(CYZ(J,NP1))/HCMAX(J)
If it's the highest so far:
IF(VCHECK.GT.VMAX)THEN
Record value
VMAX = VCHECK
Record location,
MAX s NQNBUS(J)
JHAX1 = J
ENDIF
ENDDO

C IN THIS SECTION MAXIMUM VOLTAGE AT THE SUPPLY POINT IS CALCULATED(330KV!
C
THE SUPPLY POINT IN THE MONITORED BUS SHOULD BE INDICATAED BY CODE 8.
C
ONLY ONE SUPPLY POINT CAN BE CALCULATED ONCE A TIME

IF (IHARM.E0.5).0R.(HARM.EQ.7))THEN

!Cakulation is performed only
for 5th and 7th harmonics.

DO J=1,NUMM0N
1F(HCMAX(J).EB.B)THEN
VCHECKS=CABS(CYZ(J,NP1>>
IF(VCHECKS.5T.VMftXS)THEN
VMAXS = VCHECKS
END IF
END IF

!Loop over monitored buses
ISelect the 330 KV bus
'If it's the highest so far:
!Maximum vaitaae

END IF

C
C

IN THIS SECTION ALL OF VOLTAGES FOR ALL CAPACITOR CONFIGURATION AND LINE 0UIA6ES ARE STORED
IN A SINGLE MATRIX CYZ4U000). THE SIZE OF MATRIX SHOULD BE GREATER THAN THE SAMPLE SIZE

C UN THIS PART FOR 132 KV VOLTAGE LEVEL)
IF KHARfl.EQ.5).OR.(HARM.Ea.7liTHEN
MK=0
DO J=l,NUHMON
IF (HCMAX(J).EQ.DTHEN

[Calculation only fo the 5th and 7th harmonic
Unitialize tne numoer of 132 KV momtoreo buses
'Loop over monitored buses
ISelect only 132 KV buses

C
C

If you want to calculate the statistical data at the supply point
330 KV, use the following command with Ct sign instead of the adove command. The code for supply point is 8 instead of 1

Cl

IF (HCMAX(J).EQ.8)THEN
NK=NK+1
CYI3(NK)=CABS(CYZ(J.NP1)I
END IF

C
C
C
C

ISelect only 330 KV bus
'Store the magnitude of 132 KV voltage
'End of loop

(STATISTICAL DATA IN TIME DOMAIN) IF IT IS REQUIRED TO STORE THE VOLTAGE FOR A PARTICULAR 132 KV BUS
, THE FOLLOWING COMMAND KITH 'Cl* SIGN IS REQUIRED. THIS KILL BE THE FIRST 132 KV BUS
FOR ANOTHER BUS SELECT: DO J=2,NUMM0N, IF THE SECOND MONITORED BUS
IN DATA IS 132 KV BUS.

4333

This is the command for single bus calculation (Time Domain!
End of loop over monitored buses
Store the total number of 132kv monitored buses

IFMK.EQ.nGQ TO 4333
END DO
NKK=NK
IF (NKK.EQ.O)THEN
MHMA=0
VI32.5=0
NPERCENT_HA=0
VHAXA=0
60 TO 9000
END IF

!
!
!
!
'

IF (NKK.ES.DTHEN
KKMT+1
CYZ4(KKT)=CYZ3(NKK)
END IF

! For subsystems with only one 132 KV monitored bus
! Assign the size of the matrix for all combinations
! Build up the matrix for each combination

IFINKK.GT.DTHEN
DO J=1,NKK
KKT=KT+J
CYZ4(KKTI=CYZ3(JI
END DO
END IF

For subsystems without 132kv monitored Dus
Fraction of maximum level which 5X of samples exceed that level
Voltage level which 51C of samples exceed that level
Percentage of samples exceed the limit
Maximum voltage of samples at 132 kv

For subsystems with several 132 KV buses
Loop over 132 KV monitored buses for this comDination
Increment the array
Store the data
End of loop for NKK.6T.1

C
C

IN THIS SECTION THE VOLTAGE AT EACH ITERATION IS WRITTEN IF THE
COMMANDS WITH *C2' IS USED

C2
C2 538
C2
C2 1010

WRITE (10,538)
FORMAT)//)
WRITE (10,1010) (CYZ4(J+KT),M.NKK)
FQRMAK30F10.3]
End of loop for only 5th and 7th harmonics
END IF
Increment the size of the vector for the next comoination of capacitor or line outages
KT=KT+NKK
Total number of samples for line outages and capacitor configuration at 132 KV level
NAX=.NDRQP»NKKtLMAX
END OF SECTION FOR STORING ALL SAMPLES AT 132 KV LEVEL FOR ALL COMBINATIONS.
IN THE FOLLOWING SECTION THE STATISTICAL DATA FOR 132 KV IS CALCULATED,
IN THIS PART THE MAXIMUM VOLTAGE FOR ALL SAMPLES IS CALCULATED
(132 KV.FOR ALL SAMPLES OVER ALL CAPACITORS CONFIGURATION AND LINE OUTAEES)
THIS CALCULATION IS PERFORMED WHEN ALL SAMPLES HAVE BEEN STORED IN MATRIX CYZ4
L00PLN=LNAX»NDR0P

Total cases for line outages and capacitor comoinations

IFdTERS.EQ.LOOPLNlTHEN

> This is when the full matrix CrZ4 nas oeen built
for all capacitor configurations ana line outaass

IF ((HARH.EQ.5).0R.(HARM.E0.7))THEN lOnly for 5th and 7th harmonic
VHAXA=0
Unitialize the maximum
DQ J=l,MAX
I Looo over all samples
VCHECKA=CYZ4IJ)
IF(VCHECKA.6T.VrtAXA)THEN
VMAXA=VCHECKA
END IF
END DO
C IN THIS SECTION THE MEAN VALUE OF V0LTA6ES ARE CALCULATED FOR 132KV LEVEL
MEANOUO '.Initialize the sum of all samples
DO J=1,MAX
. .'Loop over all samples
MEAN01=MEAN01+CYZ4(J) • I Summation of all samples
END DO
IFIMAX.NE.OITHEN
[Calculation of mean value
MEANN1=MEAN01/MAX
END IF
C IN THIS SECTION THE NUMBER OF SAMPLES WHICH EXCEED THE LIMIT
(AS7797) IS CALCULATED (FOR 132 KV LEVEL)
C

N10O=O
Unitialize the number of samples
DO 0=1,MAX
ILoop over all samples
IF(CYZ4(J).BT.0.01ITHEN IVoltage with respect to limit at 132 KV
N100=N 100+1
I Increment the number
END IF
END DO
IFIMAX.NE.OJTHEN
NPERCENT1=FLQAT(IQ0<N100/MAX> ! Calculate the percentage of the samples
END IF
C IN THIS SECTION THE LEVEL WHICH 11 OF SAMPLE EXCEED THAT LEVEL IS CALCULATED
C
(FOR 132 KV ). FOR THIS PURPOSE ALL VOLTAGES ARE COMPARED
C
WITH MAXIMUM VOLTAGE
N100A=0 llnitialze the actual number
MMMA=0.99
Unitialize factor of the maximum voiatge
DQ J=i,MAX
'.Loop over all samples
IF(VMAXA.NE.O)THEN
VCHECK MA(J)=CYZ4(J)/VMAXA
IVoltage relative to maximum
END IF'
END DO
1001
DO Jsl.MAX
ILoop over all samples
IF(VCHECK.MA(J).GT.MMMA)THEN
N100A=N100A+1
I Increment the number of the samples
END IF
END DQ
C
N100A=N100A-1
!This command can exclude the VHAXA
IF(MAX.GT.O)THEN
NPERCENT MA=FLOAT(100tN100A/MAX) ! Calculation of the percentage of
C
samples which exceed for MMKAIVMAXA
END IF
IFINPERCENTMA.GT.5.0) 60 TO 1002 I Check if the percentage of samples
C
is greater than 5X
MMMA=MMMA-0.001
' Decrease the factor
N100A=0
• Initialize the number
GO TO 1001
1002
V132.5=MMMA«VMAXA
ILevel which 5Z of samples exceed that level
£ND if
!For 5th and 7th harmonics
END IF
Uhis is when Full matrix for all samples has been built

C IN THIS SECTION THE CUMULATIVE (PROBABILITY) CURVE FOR ALL SAMPLES ARE CALCULATED

C

QF MAXIMUM IS CALCULATED. THE FACTOR STARTS FROM 0.95 TO 0.05 GF THE HAuflL'M IN STEF C" 0.05.

IF(ITERS.EQ.LODPLN)THEN ' THIS IS WHEN THE FUll MHIRIX CYZ4 HAS BEEN BUILT
C
FOR CAPACITOR CONFIGURATION AND LINE OUTAGE
IF ((HARM.EQ.5).OR.(HARM.EQ.7))THEN
ITL=1
lArray for matrix
MMMM.95
' Factor of maximum
N100P(ITL)=0
I Initialize tne number of the samoies wmch exceed a certain factor of tne maximut
5000
DO J=1,MAX
'.Loop over ail samples
IF(VCHECK_MA(J).ST.MNMPITHEN ! Relative voltage to limit
I Increment the number
Nl00P(ITLi=N100P(ITL)+l
END IF
END DO
C
N100P(ITL)=N100P(ITLI-1
IThis command can exclude the maximum VMAXA
1F(MAX.6T.0)THEN
NPERCENT_MP(ITL)=FLOAT(1OO»N1O0P(ITL)/MAXI I Calculates the percentaqe
C
which exceed this level
END IF
ITL=ITL+1
Uncrease the matrix array
MMMP=MMMP-0.05
! Decrease the factor of the maximum
IF(MMMP.GT.O.O) 60 TO 5000 I Check the end of calculation
END IF
lEnd of loop for the 5th and 7th harmonics
END IF
lEnd of loop when full matrix for all samples has been built
C END OF CUMULATIVE CURVE CALCULATION
C IN THIS SECTION THE STANDARD DEVIATION FOR ALL SAMPLES ARE CALCULATED
IF(ITER8.Ea.L0OPLN)THEN ! This is when the full matrix CYZ4 has been built
C
for all capacitor configurations and all line outages
IF ((HARM.EQ.5).OR.(HARM.EQ.7))THEN lOnly for the 5th and 7th harmonics
SUMSQ1=0
Unitialize the value of the standard deviation
DO 3=1,MAX
'.Loop over all samples
SUMSQ1=SUMS81+CYZ4(J)*»2 ! Summation of squares of all samples
END DQ
SUNSQ1 =SUHSQ1 -MAX* IMEANN1) » 2
IF((MAX-1).NE.0)THEN
SUNSQ1=SQRT(SUMSQ1/(MAX-1)I
(Calculation of standard deviation
END IF
END IF
I For 5th and 7th harmonics
END IF
'• For full matrix when ail samples have been stored
C END OF CALCULATION FOR STATISTICAL DATA AT 132 KV V0LTA6E LEVEL
C IN THE FOLLOWING SECTIONS
C
FOR 66 AND 33 KV
C
ARE SIMILAR. FOR
C
IS VMAXB INSTEAD

THE SAME STATISTICAL DATA CALCULATIONS ARE PERFORMED
VOLTAGE LEVELS. THE DEFINITIONS OF PARAMETERS
EXAMPLE THE MAXIMUM VOLTAGE FOR 66KV LEVEL
OF VMAXA.

C IN THE FOLLOWING SECTION 66 KV VOLTAGE LEVEL
C IN THIS PART ALL OF 66KV VOLTAGES FOR ALL CAPACITOR CONFIGURATION AND LINE OUTAGES ARE STORED
C
IN A SIN6LE MATRIX CYZ6I1000)

9000 IF ((HARM.EQ.5).OR.(HARM.EQ.7))THEN
NKB=0
DO J=1,NUMM0N
IF (HCMAX(J).EQ.2)THEN
NKB=NKB+1
CYZ5(NKB)=CABS(CYZ(J,NPD)
Cl IFiNKB.EQ.DGD TO 4334 ! This is the command for single bus calculation

END DO
4334

NKKB=NKE
IF (NKKB.EQ.O)THEN
MMMB=0

YJks = v
NFERCENT_MB=0
VMAXB=0
GO TO 8000
END IF
IF (NKKB.EQ.DTHEN
KKTB=KTB+1
CYZ6(KKTB)=CYZ5(NKKB)
END IF
IF (NKKB.GT.DTHEN
DO J=1,NKKB
KKT8=KTB+J
CYZ6(KKTB)=CYZ5(J)
END DO
C
C
C

For subsystems with only one 66 KV monitored bus
Assign the size of the matrix
Build up the matrix for each comoination

IN THIS SECTION THE VOLTAGE AT EACH ITERATION CAN BE WRITTEN
WITH THE F0LL0WIN6 COMMAND
WRITE (10,1010)(CYZ6(J+KTB),J=1,NKKB)
END IF
END IF
KTB=KTB+NKKB
MAXB=NDRQP!NKKB1LMAX
I Total number of samples over line outages ano capacitor configuration

C IN THIS SECTION THE MAXIMUM VOLTAGE FOR ALL SAMPLES IS CALCULATED
C
(66KV,F0R ALL SAMPLES OVER ALL CAPACITORS CONFIGURATION)
IF(ITER8.EQ.L00PLN)THE.N

THIS IS WHEN THE FULL MATRIX CYZ4 HAS BEEN BUILT
FOR CAPACITOR CONFIGURATION AND LINE OUTAGE

IF ((HARM.EQ.5).OR.(HARM.EQ.7)I THEN
VMAXB=0
DO J=1,MAXB
VCHECKB=CYZ6(J)
IF(VCHECKB.6T.VMAXB)THEN
VMAXB=VCHECKB
END IF
END DO
C IN THIS SECTION THE MEAN VALUE OF VOLTAGES ARE CALCULATED FOR 66KV BUSES
MEAN02=0
DO J=1,MAXB
MEAN02=MEAN02+CYZ6(J)
END DO
IF(HAXB.NE.O)THEN
MEANN2=MEAN02/MAXB
END IF
C IN THIS SECTION THE NUMBER OF SAMPLES WHICH EXCEED 100Z OF THE LIMIT
C
IS CALCULATED
N200=0
DQ J=1,MAXB
IF(CYZ6(J).GT.0.02)THEN
N200=N200+!
END IF
END DO
1FINAXB.NE.01THEN
NPERCENT2=FL0AT(I00tN200/MAXB)
END IF
IN THIS SECTION THE LEVEL WHICH 51 OF SAMPLE EXCEED THAT LEVEL IS CALCULATED
(66kv,F0R ALL SAMPLES)
N100B=0
MMMB=0.99
DO J=1,MAXB
IFIVMAXB.NE.OITHEN

Ve»£cK-n$!d)^cyzt>(Wvm*#
END IF
END DO
1003 DO 3=1.MAX3
IFIVCHECK_MBU).6T.MMMB)THEN
N1Q0B=N100B+1
END IF
END DO
N100B=N100B-1
IF(MAXB.NE.O)THEN
NPERCENTJ1B=FLOAT(1001N100B/HAXB)
END IF
IF(NPERCENT_MB.GT.5.0) GO TO 1004
KHBB=ltt1NB-Q.001
N100B=0
GO TO 1003
1004 V66_5=MMMBtVMAXB
END IF
END IF
C2 IN THIS SECTION THE CUMULATIVE CURVE FOR ALL SAMPLES ARE CALCULATED
C2
AT 66 KV
IFUTERB.EQ.LOOPLNITHEN ! This is when the full matrix CYZ6 has been built uo
C
for all capacitor configurations and line outages
IF (IHARM.EQ.5).DR.(HARM.EQ.7))THEN
ITL2=1
MMMP2=0.95
6000 N100P2(ITL2)=0
DO J=1,MAXB
IF(VCHECKJ1B(J).6T.HMMP2)THEN
N100P2(ITL2)=N100P2(ITL2)+1
END IF
END DO
N1Q0P2(ITL21=«100P2(ITL21-1
C
IF(MAXB.GT.0)THEN
NPERCENTJ1P2(ITL2)=FLOAT(100IN100P2(ITL2)/MAXB)
END IF
ITL2=ITL2+1
MMHP2=MMMP2-0.05
1F(MMMP2.6T.0.0) 60 TO 6000
END IF
END IF
C END OF CUMULATIVE CURVE CALCULATION
C IN THIS SECTION THE STANDARD DEVIATION FOR ALL SAMPLES ARE CALCULATED
IF(ITER8.EQ.LQOPLMJ THEN

IF ((HARM.EQ.5).OR.IHARM.EQ.7))THEN
SUMSQ2=0
Unitialize
DO 3=1,MAXB
SUMSQ2=SUMSQ2+CYZ6(J)*I2 I Summation of souares of all samoles
END DQ
SUMSQ2=SUMSQ2-MAXB«(HEANN2)»2
IF((NAXB-1).NE.0)THEN
SUMSQ2=SQRT(SUMSB2/(MAXB-D)
END IF
END if
I For 5th and 7th harmonics
END IF
' For full matrix

C END OF CALCULATION FOR 66 KV VOLTAGE LEVEL
C IN THIS SECTION THE SAME STATISTICAL CALCULATIONS ARE MADE FOR 33KV VOLTAGE LEVEL

L
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IN A SINGLE MATRIX CYZ8U000)

u..,n, - ,,,..

B000 IF ((HARM.EQ.5).OR.(HARM.EQ.7)ITHEN
NKC=0
DO JM.NUMMON
IF (HCMAX(J).EQ.4)THEN
NKC=NKC+1
CYZ7(NKC)=CABS(CYZ(J,NFD)
Cl
CYZ771NKC)=CYZ(J,KP1)
END IF
Cl
IFINKC.EQ.DGO TO 4335
I This is the command for single bus calculati

END DQ
4335 NKKC=NKC
IF (NKKC.EQ.O)THEN
MMMC=0
V33>0
NPERCENT_MC=0
VMAXC=0 "
60 TO 7000
END IF
IF (NKK.EQ.lITHEN
KKTC=KTC+t
CYZB(KKTC)=CYZ7(NKKC)
END IF

I For subsystems with only one 33 KV monitored bus
I Assign the size of the matrix
I Build up the matrix for each combination

IF (NKKC.GT.DTHEN
DO J=1,NKKC
KKTC=KTC+J
CYZ8IKKTC)=CYZ7(31
C This is for calculation of the phase angle
Cl CYZ8R(KKTC)=REAL(CYZ77(J))
Cl
CYZBI(KKTC)=TMA6ICYZ77(J))
END DO
C THE VOLTAGE FOR EACH ITERATION IS WRITTEN BY THE FOLLOWING COMMAND
C
WRITE (10,1010) (CYZBU+KTC),J=1,NKKC>
END IF
END IF
KTC=KTC+NKKC
MAXONDRQPtNKKCtLMAX
I Total number of samples over line outages and capacitor configuration
C IN THIS SECTION THE MAXIMUM VOLTAGE FOR ALL SAMPLES IS CALCULATED
C
(33kv,F0R ALL SAMPLES OVER ALL CAPACITORS CONFIGURATION)
IF(ITERS.E8.LOOPLN)THEN
C
IF ((HARM.EQ.5).OR.(HARM.EQ.7))THEN
VMAXC=0
DO J=1,MAXC
VCHECKC=CYZ8(J)
IF(VCHECKC.GT.VMAXC)THEN
VMAXC=VCHECKC
END IF
END DO
C IN THIS SECTION THE MEAN VALUE OF VOLTAGES ARE CALCULATED
MEAN03=0
DO J=1,MAXC
NEAN03=MEAN03+CYZ8(J)
END DO
IFIMAXC.NE.01THEN
MEANN3=MEAN03/MAXC
ENO IF
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IF ((HARM.EQ.5).OR.IHARM.E9.7))THEN
SUMSQ3=0
Unitialize
DO 3=1,MAXC
SUMSQ3=SUMSQ3+CYZ8(J)«2 '. Summation of squares 01 all samples
END DO
SUNSQ3=SUMSB3-MAXCJ(MEANN3)t»2
IF((MAXC-l).NE.O)THEN
SUMSQ3=SGRT(SUMSQ3/(MAXC-l)l
END IF
END IF
! For the 5th and 7th harmonics
END IF
! For full matrix over all samples
C THE FOLLOWING COMMANDS ARE THE CALCULATION OF THE PHASE ANGLE FOR 33 KV V0LTA6E LEVEL
Cl DO 3=1,MAXC
Cl
IF (CYZ8S(J).NE.0)THEN
Cl
SI(3) = DE6PRAD « ATAN2( CYZBI(3),CYZ8R(3))
Cl
END IF
Cl
END DO

C

I Phase angle (deg).

END OF 33 KV CALCULATIONS

C WRITE OUT ALL THE RESULTS FOR ALL CAPACITOR COMBINATIONS AND LINE OUTAGES AT EACH VOLTAGE LEVEL
7000 IFUTERB.EQ.LQOPLNITHEN '. This is when all samples have been stored in matrixes
IF ((HARM.EQ.5).OR.(HARM.EQ.7)ITHEN (Only for the 5th and 7th harmonics
C WRITE (10,1010)<CYZ4(3),3=1,MAX) I All samples at 132 KV level
C
WRITE (10,538)
C
WRITE (10,1010)(CYZ6(J),3=1,MAXB) ! All samples at 66 KV level
C
WRITE (10,538)
C
WRITE (10,1010)(CYZB!3),3=1,MAXC) I All samples at 33 KV level
C
WRITE (10,538)
Cl
WRITE (10,1010)(SI(J),3=1,MAXC)
I Phase angle at 33 KV level
FORMAT(200F10.3)
1010
WRITE (10,535) FREQ
! Frequency
535
FORMAT! F6.1)
WRITE (10,7888) (NPERCENT_MP(11,1=1,20) ICumulutive curve result for 132 kv
WRITE(10,538)
WRITE (10,7888) (NPERCENT_MP2(I),1=1,20) (Cumulative curve result for 66 kv
WRITE(10,538)
WRITE (10,7888) (NPERCENT_MP3 (I),1=1,20) (Cumulative curve result for n kv
WRITE (10,538)
538
FORMAT(/)
7888
FORMAT120F10.3)
WRITE (10,789)MMHA,V132_5,NPERCENT.MA.VMAXA, MMMB,V66J,
+
NPERCENT HB,VMAXB,
+
MMMC,V33.5,NPERCENT.MC, VMAXC,VMAXS,ITER8
789
FORMAT U3F10.5.I3)
WRITE(10.678)HEANNl,MEANN2,MEANN3,SUMSai,SUMSQ2,SiiMSQ3 IMean and So at 132kv. 66 and 33kv
678

F0RMAT(6F10.5)

WRITE (10,567)NPERCENT1,NPERCENT2,NPERCENT3
567
FORMAT (3F10.5)
END IF
END IF
C— Write out results for this combination of line outaqe and capacitor
C
combination.

LIBEL = NANEUMAX) ' «»« «' '^TZT* ^^
relative value occurs.
IFdQO.IVHAX.LT.0.001) LIBEL = '

ir i tnnrtii.cu. J; .un, tnnnn.cu. J. .ur.. tnnr.n.tu. /;; mc!>

C WRITE (10,535) FREQ

C 535 FORMAT! F6.1)

END IF
!TER8=ITER8+1

v

''

'

SUBROUTINE Y.MATi HARM )
C
COMMON/3333/YLLKMAXBUS)
COMMON/LLLL/Hl.curlMAXBUS)
C Assign harmonic currents at each of the nodes in the subsystem.
C IN THIS SECTION CORRECT HARMONIC CURRENT SOURCES ARE MODELED
C
BASED ON THE TEST MEASUREMENTS DATA (REFER TO THE REPORT)
C ASSIGN THIRD HARMONIC
IF(NIH(3).EQ.l.AND.HARM.EB.3ITHEN I For residential load category (code 1) .
H.cur(3)=0.007»FRLOADtPL(3)
HI cur(3)=H cur(3)
I Store the current in anotner matrix
END IF
IF(NIH(3).EQ.2.AND.HARM,EQ.3)THEN ( For commercial load category (code 2)
H_cur(3)=0.027»FRLOAD*PL(3)
HI cur(3)=H cur(3)
END IF
IF(NIH(3),EQ.4.AND.Harm.EQ.3)THEN ! For industrial load category (code 4)
H_cur(3)=0.06*FRLQAD»PL(3)
Hl_cur(3)=H_cur(3)
END" IF
IF(NIH(3).EQ.5.AND.Harm.£Q.3)THEN ! For mixture of residential, commercial and industrial loads (code 5)
C
! Matrices of AR, BCC and CI are the proportion
C
( of each load category
H cur(3) = (AR!3U0.007+BCC(3U0.027+CI(3H0.06)tFRLOAD!PL<3)/100.0
Hl_cur(3)=H_cur(3)
END IF
C ASSIGN 5TH HARMONIC
C
THE CODES OF DIFFERENT LOAD CATEGORIES ARE THE SAME AS THE THIRD HARMONIC
IF(NlH(3).EQ.l.AND.Harm.EQ.5)THEN
H_cur(3)=0.016»FRLOAD«PL(3l
Hl_cur'J)=H_cur<3)
END IF
IF(NIH(3).EQ.2.AND.Harm.EQ.5)THEN
H.cur(3)=0.O3IFRLDAD»PL(3)
HI cur(3)=H_cur(3)
END IF
IF(NIHI3).EQ.4.AND.Harm.EQ.5)THEN
H_cur(3)=0.09tFRLQAD»PL(3)
Hi.cur(3)=H_cur(3)
END IF
[F(NIH(3).EQ.5.AND.Harm.EQ.5)THEN
H cur(3) = (AR(3H0.016+BCC(3)»0.03+CI(3)»0.09)»FRLOAD»PL(3)/100.0
Hl.cur(3)=H.cur(J)
END IF

C ASSIGN 7TH HARMONIC
IF(NIH(3).EQ.l.AND.Harm.EQ.7)THEN
H_cur(J)=0.005IFRL0ADIPLI3)
Hf_cur(3)=H_cur<3)
END IF

IF(NIH(J).Eg.2.AND.Harm.EQ.7)THEN
H.cur(3)=0.013*FRLOADlPL(3)
Hl_cur(3)=H cur(3)
END" IF
IF(NIH(3).EQ.4.AND.Harm.EQ.7ITHEN
H_cur(3)=0.03IFRL0ADlPL(3)
Hl_cur(3)=H cur(3)
END IF
IF(NIH(3).EQ.5.AND.Hare.EQ.7)THEN
H.cur(3) = (AR(3)l0.005+BCC(3)l0.013+CI(3)t0.03itFRLOADIPL(3)/100 0
Hl_cur(3)=H cur(3)
END" IF
ENDDO

C
C

IN THIS SECTION THE SHUNT LOAD IS STORED IN A MATRIX
FOR NUMBUS 6U5ES

YLLK3) = Y

Calculation o H h e Harmonic Voltage at Ultimate Load

C
C

COMMON MATRICES OF HARMONIC SOURCE CURRFNT
LOAD ADMITTANCE WITH Y_MAT. FOR SUBROUTINE

COMMON/JJJJ/YLLKMAXBUS) 'Ultimate i^ A ••„
COMMON/LLLL/H1_cur(MAXBUS)
rnMMnv/niT/Hi „„wH»vm,o,
COMPLEX YLL4 (MAXBUS)
died system
COMPLEX YLL3 (MAXBUS)
connected at 132 KV buses
COMPLEX

YLL2(MAXBUS)

XKTI T U T T M A T T

.Ultimate
!Harmonic
i,;iHmjt
-Lltimate
. In t{ma t(1
-Ultimate
'Ultimate

hlT1M

^

load admittance
source
current
, .
load admittance within stu, rtaH . . „,.
load admittance for loadsin^H

a

Hm-f*

connected at 33 KV buses
-Ultimate load admittance lor loads.
C0M?LEX H2 CUr(MAXBUS
'load
> JHarmonic source current at ultimate
INTEGER NUM11.NUK11,NUK12 IVariables for matrices
dumber of i tera? i - s ^ a r M t.r.ry var . able INTEGER ITEM.NTT
fia

'REAL H3_cur(MAXBUS) IHarmonic source current within studled subsystem

C PARAMETERS FOR ARRAYES AND THE NUMBER OF SAMPLES
INTEGER KTC.KKTC.NKKCMAXC
INTEGER KT.KKT.NKK.MAX
INTEGER NLT
C THE FOLLOWING ARE STATISTICAL PARAMETERS. THE DEFINITIONS OF THESE PARAMETERS
ARE THE SAME AS THE OTHER VERSION FOR CALCULATION OF STATISTICAL DATA AT lC
32. 66 AND 3 3KV
INTEGER N100P2(30),ITL2
REAL MMMP2,NPERCENT_MP2(30)
REAL VMAXB,MMMB.VCHECKB,VCHECK_MB(1000),NPERCENT_MB,VCU_5
INTEGER N100B.MAXB.N200
REAL CYZ6(2000).CYZ4(1000),CYZ8(1000) !Matrices of voltage at ultimate load level
REAL MEAN02.MEANN2
!Variables for the mean values
REAL NPERCENT2
C Parmeters for calculation of harmonic voltage at ultimate load level
C
for loads represented at 33KV buses
REAL PS1(MAXBUS).Gil(MAXBUS) IHarmonic source current.total active load at buses
REAL
Rll (MAXBUS),XI1(MAXBUS)
IParameters for 33KV/ultimate load transformers
COMPLEX ZL1(MAXBUS)
ILoad impedance for loads represented at 33KV buses
COMPLEX
ZTR1 (MAXBUS)
.'Series impedance for 33KV/ul t imateload transformer
COMPLEX VL1(MAXBUS)
IVoltage at ultimate load
C THE FOLLOWING PARAMETERS FOR CALCULATION OF HARMONIC VOLTAGE AT ULTIMATE
C LOAD WHEN THE LOADS HAVE BEEN REPRESENTED AT 132 KV BUSES ^

UJMPLIiX ZL2(MAXBUS), ZTR2(MAXBUS)
impedance
COMPLEX PN2(MAXBUS),VL2(MAXBUS)

ILoad impedance, series trans lorn,
ILoop current, voltage at ultimat

Krcapacftors3^^^'"13^^85'^ Parameters of transformers.
COMPLEX ZTR3(MAXBUS), ZAUX(MAXBUS).VAUX(MAXBUS).BLLl(MAXBUS) ITrans'orn^
>
impedance and variables in Tevenin model
'°™e
INTEGER NUM12
! Variable for arrav

C
C —

COMPLEX CZZ(MAXBUS,MAXBUS)
COMPLEX Z2(MAXBUS.MAXBUS)
REAL CYZ1(MAXBUS)
REAL CYZ2(MAXBUS)
REAL CYZ3(MAXBUS)

! Stored adnittance matrix.
! Admittance/impedance matrix

Assign harmonic source currents in the studied subsystem
NP2 = NP1 + 1
DO K = 1,NUMBUS
CYZ(K,XP2) = H_cur(K)

c
C
H3_cur(K)=Hl_cur(K)

oad

Extra column number.
Loop over subsystem buses.
Assign column vector of currents fr
loads in subsystem. The values of
H_cur come from the Y_MAT subroutim
Harmonic source current at ultimate

YLL4(k)=YLLl(K)
ENDDO

C
C
C
C

c

C

c

Firstly, look at results of the chosen set of harmonic currents in the syste
Only aim here is to find (for this combination of capacitors) the value and
location of the harmonic voltage where its value (relative to AS2279
limits) is the highest.
Initiate for this combination
VMAX = 0.
Loop
over monitored buses.
DO J = 1, NUMMON
Voltage
relative to limit.
VCHECK = CABS(CYZ(J,NP1))/HCMAX(J)
If it's the highest so far:
IF(VCHECK.GT.VMAX)THEN
Record value
VMAX = VCHECK
1ocati on.
Record
JMAX = MONBUS(J)
JMAXl = J
END IF
ENDDO
IN THIS SECTION THE DATA OF HARMONIC CURRENT SOURCE AND THE LOAD
IMPEDANCE ARE STORED AT MONITORED BUSES.
NUM11=0
DO J=l.NUMBUS
IF (ICHK3(J).NE.O) THEN
NUM11=NUM11+1
YLL2(NUM11)=(YLL4(J))

ed buses
H3_cur(NUMll)=Hl_cur(J)
t monitored buses

!Loou over ai1 subsystem buses
! Identify the liU'iii tored buses
IStore the I Mad admittance at monito
IStore the harmonic current sources .

FOLLOW INGS ARE FOR THE CALCULATION OF VOLTAGE AT ULTIMATE LOAD FOR "•
E LOADS
C
REPRESENTED AT 33 KV BUSES.
c IK THE FIRST SECTION THE LOAD ADMITTANCE FOR THE LOAD CONNECTED TO :
KV BUSES
IS STORED IN A MATRIX.
c
f;

NUK11=0
DO J=l.NUMMON
ILoop over monitored buses
IF (HCMAX(J).EQ.4) THEN
!Identify 33 KV buses
NUKU=NUK11 + 1
YLL3(NUK11)=(YLL2(J))
IStore the load admittance tor loads
onnected to 33 KV buses
END IF
END
DO SECTION THE VOLTAGE AT ULTIMATE LOAD LEVEL IS CALCULATED
IN THIS
C
DO 602 J = l.NUMMON • Loop over monitoreed buses
IF (HCMAX(J) .EQ.4)THEN
'•
Identify 33 KV buses
PSl(J)=H3_cur(J)
• Assign harmonic current source at
timate *oadCYZ3(J}=CABS(CYZ(j,NP1)) • Harmonic voltage at 33 KV bus
GU(J)=FRLOAD*PLM(J)
'•
Total active load at bus J
IF((GU(J).EQ.0.0).OR.(CABS(YLL2(J)).EQ.0.0)) GOTO 602
CONNECTION BETWEEN 33 KV BUS AND THE ULTIMATE LOAD AND CALCULATION
C
VOLTAGE AT ULTIMATE LOAD
C
R11(J)=0.04/G11(J) JResistive part of transformer i

at ultimate load
END IF
602
CONTINUE
IN
THIS
SECTION
THE MATRIX OF THE VOLTAGE AT ULTIMATE LOAD IS SORTE
C
OUT

^SmivLKJ) :«"»'"lc v0,,,»e

at ult mate

'

'"

END IF
END IF
END DO
I N THIS SECTION THE ULTIMATE LOAD VOLTAGES FOR ALL CAPACITOR CONFIOV
C
IIOHS ARE STOREDiTOL£ ^^ cm(M0)
IF

((HARM.EQ.5>.OR,(HAP.M.E0.7)>THEN
8000
moni cs
NKKC=NTT
onneeted to load
„, ~,IT-V
IF (NKKC.GT.O)THEN
DO J=1.NKKC
KKTC=KTC+J
r each capacitor combination
CYZS(KKTC)=CABS(VL1(J))
capacitor combination

'Total number of 33KV buses

'Build up the matrix array

'.Build up the matrix lor e.

USED
™ E V ° L T A G E F ° R E A C H I T E R A T I 0 N I S WRITTEN IF THE FOLLOWING COMMAND IT
C
IF((HARM.EQ.5).OR.(HARM.EQ.7))THEN
C
WRITE (10,1010) (CYZ8(J+KTC).J=1,NKKC)
C
END IF
'
KTC=KTC+NKKC , Tn„_m ,. ,v
next capacitor configuration
-Increment the array for i:
MAXC=LMAX*NKKC
, T n t 9 l „, .
l n U m b e r 0t sam [
all capacitor configurations
^^
*'
END IF
END IF
C FOLLOWINGS ARE THE CALCULATION OF THE VOLTAGE AT ULTIMATE LOAD
C
FOR LOADS REPRESENTED AT 132 KV BUSES
<-Lii.iAit LUAU
c
THESE CALCULATIONS ARE SIMILAR TO PREVIOUS ONE
C MONITOREDEBUSEN

THE

°ATA °F ^ ^ CAPACITORS ARE STORED ONLY AT

7000 NUM12=0
DO J=1,NUMBUS

:Loop over all

buses

IF (ICHK3(J).NE.O) THEN !Identifv the monitored bus
NUM12=NUM12+1
QK331(NUM12)=QK33(J)
!Sort out the matrix of 331
capaci tors
END IF
END DO
C IN THIS SECTION THE HARMONIC VOLTAGE AT ULTIMATE LOAD IS CALCULATEI
DO 603 J = 1,NUMMON ILoop over monitored buses
! Identify 132 KV buses
IF (HCMAX(J).EQ.1)THEN
PS2(J)=H3_cur(J)
JAssign harmonic source cui
ent at ultimate load
CYZ2(J)=CABS(CYZ(J,NP1))
IHarmonic voltages at 132 1
level
G12(J)=FRLOAD*PLM(J)
'Total active load at bus .
IF((G12(J).EQ.0.0).OR.(CABS(YLL2(J)).EQ.0)) GO TO 603
C MODEL OF TRANSFORMER FOR CONNECTION OF 33 KV BUS TO ULTIMATE LOAD
R12(J)=0.04/G12(J)
X12(J)=HARM*0.15/G12(J)
ZTR2(J)=CMPLX(R12(J),X12(J))
ZL2(J)=CMPLX(1.0,0.0)/YLL2(J)
leve 1
C MODEL FOR 132/33 KV TRANSFORMER
Rl3= (0.64+0.16*HARM)*HARM*0.003 4/G12(J)
X13= HARM*0.143/G12(J)
ZTR3(J)=CMPLX(R13(J),X13(J))

ISeries impedance
ILoad impedance at ultima.

ISeries impedance

C CALCULATION OF THE VOLTAGE AT ULTIMATE LOAD LEVEL
IF(QK331 (J) .GT.0.0)THEN ICheck the existance <>f ;
KV capac i tor
BLL1=CMPLX(0.0.QK331(J)*HARM)
ISuseptance for reactor
ELSE
BLL1=CMPLX(0.0,QK331(J)/HARM)
ISuseptance for capacito.
END IF
r IN THIS SECTION THE NORTON MODEL IS CONVERTED TO THEVENIN MODEL.
C
THE AUXILARY EQUIVALENT VARIABLES ARE DEFINED FOR THEVENIN MODEL.

ZAUX(J) = zTR3(J) + (ZL2(J)+ZTR2(J))Ml+BTLirj^7TR-,rT^
VAUX(J) = PS2(J)*ZL2(J)
U+^Li(j) ZfR3(J))
hevenin impedance
-'Equivalen
PN2(J) = (VAUX(J)*(l+BLLl(J)*ZTR3(J))-CYZfJ NPinmrvrn .T
VL2(J) = VAUX(J)-ZL2(J)*PN2(J)
' }}/ Z ' U X ( J ) ! L o o p c u r r
It imate load
I\oltage ,i
END IF
CONTINUE
C603
IN THIS SECTION THE MATRIX OF THE VOLTAGE AT ULTIMATE LOAD IS SORTE.
UT
NUK12=0
DO J=l,NUMMON
IF(HCMAX(J).EQ.1)THEN

,Tnnn ,
. ,
Ident i v" 1 3 k H ^

;

0

"*

bUS

;\Uh. 1 z=NUK 12+1

VL2(NUK12)=VL2(J)
END IF
END IF
END DO
ORED ^

THIS SECTI0N ALL 0F V

°LTAGES FOR ALL CAPACITOR CONFIGURATION ARE

C IN A SINGLE MATRIX CYZ4(500)
C
( FOR LOADS REPRESENTED AT 132 KV BUSES)
^^SS5,EQ,5)'OF,(HAEM,EQ'7))THEN !For 5th and 7th harmonics
+• ,,ov„ JKK-NUR12
I Total number of loads connec
to 132KV buses
IF(NKK.GT.0)THEN
DO J=l,NKK
KKT=KT+J
I Increment the array for each bu
S'
CYZ4(KKT)=CABS(VL2(J))
IBuild up the matrix for each cai
itor combination
END DO
C IN THIS SECTION THE VOLTAGE AT EACH ITERATION IS WRITTEN IF THE FOLLt
NG COMMAND IS USED
C WRITE (10.538)
C 538
FORMAT(//)
C
IF((HARM.EQ.5).OR.(HARM.EQ.7))THEN
C
WRITE (10,1010)(CYZ4(J+KT),J=1,NKK)
C 1010
FORMAT(30F10.3)
C
END IF
KT=KT+NKK I Increment the array for the ne:
capacitor combination
I Total number of the samples loi
MAX=LMAX*NKK
11 combinat i ons
END IF
END IF
C IN THIS SECTION THE SAMPLES OF VOLTAGEES STORED IN MATRICES CYZ8 AND
Z4 ARE COMBINED TOGETHER AND
C
STORED IN MATRIX CYZ6
IF(ITER8.EQ.LMAX)THEN iThis is when the samples for all
apacitor combinations
C
have been calculated.
IF ((HARM.EQ.5) .OR. (HARM.EQ.7))THEN I For only 5th and 7th harmonics
MAXB=MAX+MAXC
ITotal number of samples for loat
at 132 KV or 33 KV buses
C FIRST STORE THE SAMPLES OF HARMONIC VOLTAGE AT ULTIMATE LOAD FOR LOAI
C
CONNECTED TO 132KV BUSES

' ! I I . i i iftjji •£••
WWfrA
K V L> uses
CYZ6(J) = CYZ4(J)
IStore the data for loads at 132K
buses
END DO
C SECOND STORE THE SAMPLES FOR LOADS CONNECTED TO 3 3 KV BUSES
DO J=1,MAXC ILoop over samples for loads at 3
KV buses
NLT=J+MAX
CYZ6(NLT)=CYZ8(J)
IStore the data for loads at 33 K
buses
END DO
C
C

IF THE FOLLOWING COMMANDS ARE USED, IT WRITES HARMONIC VOLTAGE
AT EACH ITERATION

IF((HARM.EQ.5).OR.(HARM.EQ.7))THEN
WRITE (10,9111)(CABS(CYZ6(J+MAX)).J=l.MAXC)
9111
FORMAT(40F7.3)
' END IF
C IN THE FOLLOWING SECTIONS, THE STATISTICAL DATA OF THE VOLTAGE
C
AT ULTIMATE LOAD IS CALCULATED FOR ALL SAMPLES STORED ON CYZ6 . HENCI
HE DEFINITION OF PARAMETERS
C
ARE THE SAME AS THE OTHER VERSION. FOR DEFINITION OF PARAMETERS REFF
TO THE OTHER VERSION
C IN THIS PART THE MAXIMUM VOLTAGE IS CALCULATED
VMAXB=0
DO J=1,MAXB
ILoop over all samples
VCHECKB=CYZ6(J)
IF(VCHECKB.GT.VMAXB)THEN
VMAXB=VCHECKB
IMaximum voltage
END IF
END DO
C IN THIS PART THE MEAN VALUE OF THE VOLTAGES ARE CALCULATED
MEAN02=0
DO J=l,MAXB
MEAN02=MEAN02+CYZ6(J)
END DO
MEANN2=MEAN02/MAXB
!Mean value
C IN THIS SECTION THE NUMBER OF SAMPLES WHICH EXCEED 100% OF THE LIMIT
C
IS CALCULATED
N200=0
DO J=1,MAXB
IF(CYZ6(J).GT.0.04)THEN
\'200=N200+1
END IF
END DO
NPERCENT2=FLOAT(100*N200/MAXB)
C IN THIS SECTION THE LEVEL WHICH 5% OF SAMPLE EXCEED THAT LEVEL IS CAI
LATED
N100B=0
MMMB=0.99
DO J=l.MAXB
IF(VMAXB.NE.O)THEN
VCHECK_MB(J)=CYZ6(J)/VMAXB
END IF
END
DO
• y-. f t » /^r» ^r~ ***>•' A » T > t • \ r^rr- \*\t\»-r\\ T T t r \ '
700 1
DO J=l.MAXB

END DO
N100B=N100B-1

1T.

•
-lnis excludes the maxim

value

m

IF(MAXB.GT.O)THEN
NPERCENT_MB=FLOAT(100*N1OOB/MAXB)
END IF
IF(NPERCENT_MB.GT.5.0) GO TO 7002
MMMB=MMMB-0.001
N100B=0
GO TO 7001
C
END IF
VCU_5=MMMB*VMAXB
7002
; E n d o f loop for only 5th and 7th harmonics
pjjjj II
t A U Xi
"
• E n d of loop when the voltages for ali capaci tincombinations have been calculated.
C2 IN THIS SECTION THE PROBABILITY CURVE FOR ALL SAMPLES ARE CALCULATE!.
IF(ITERS.EQ.LMAX)THEN
r
<~

! This is when the voltage for all capacn

combinations has been calculated
lOnlv for the 5th and 7tli ha
IF ((HARM.EQ.5).OR.(HARM.EQ.7))THEN

monies

5008

C
want)

ITL2=1
MMMP2=0.95
N100P2(ITL2)=0
DO J=1,MAXB
IF(VCHECK_MB(J).GT.MMMP2)THEN
N100P2(ITL2)=N100P2(ITL2)+1
END IF
END DO
N100P2(ITL2)=N100P2(ITL2)-1

IThis excludes the maximum (if you

IF(MAXB.GT.0)THEN
NPERCENT_MP2(ITL2)=FLOAT(100 *N100P2(ITL2)/MAXB)
END IF
ITL2=ITL2+1
MMMP2=MMMP2-0.05
IF(MMMP2.GT.0.0) GO TO 5008
END IF
! For harmonics of 5th and 7th
END IF
! When all combinations have been considered
C2 END OF PROBABILITY CALCULATION
C IN THIS SECTION THE STATISTICAL DATA AT ULTIMATE VOLTAGE LEVEL IS WRI
TEN
9000 IF((ITER8.EQ.LMAX))THEN I When the calculation for ai
capacitor combinations has been completed
IF ((HARM.EQ.5).OR.(HARM.EQ.7))THEN
WRITE (10,5100) FREQ
I Frequency
5 100
FORMAT( F6. 1)
WRITE (10,7888) (NPERCENTJV1P2 (I) , 1=1 . 20)
WRITE(10.538)
FORMAT(/)
538
7888
FORMAT(20F10.3)
WRITE (10.789)MMMB,VCU_5.NPERCENT_MB.VMAXB,ITERS
789
FORMAT (4F10.5.I3)
WRITE(10,678)MEANN2
678
FORMAT(F10.5)
WRITE (10,567)NPERCENT2
567
FORMAT (F10.5)
END IF
END IF
IStart next iteration
ITER8=ITER8+1
C
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C

Subsystem BUS data
PARAMETER ( MAXBUS = 100 )
PARAMETER ( MAXCQM = 20 )

CHARACTERJ8 NAME(MAXBUS)
CHARACTERI15 NOTE(HAXBUS)
INTEGER NUMBUS
INTEGER NUMMON
INTEGER MONBUS(MAXBUS)
INTEGER HCMAX(MAXBUS)

INTEGER AR (MAXBUS)
INTE6ER BCC (MAXBUS)
INTE6ER CI (MAXBUS)
INTEGER NIH(MAXBUS)
REAL PLM(MAXBUS)
INTEGER JJ3(MAXBUS)
INTEGER NINJ
INTEGER CDMBUS(MAXCQM)
REAL
E(MAXBUS)
REAL
PL(MAXBUS)
REAL
BL(MAXBUS)
REAL
QK(MAXBUS)
REAL
QK33IMAXBUS)
REAL
PSUM
REAL
FRLOAD
INTEGER ICHK3(MAXBUS)

Maximum number of BUSes of system or
subsystem
Maximum number of source buses/links
with main system
Name assigned to BUS
Note: "LOAD AT 33KV as aopropriate
Actual No. of BUSes
Actual No. of monitored BUSes
List of No's of monitored BUSes
Relative harmonic limit for
monitored BUSes
(eg 1 g 132kV, 2 t AilcV, 4 8 33kV i belon!

>0 load connection at 33kV BUS
Number of common BUSes Hith other systems
BUS numbers of the common BUSes
Voltage at BUS (always 1.0 pu)
Real load on BUS
S/C MVA of generator
Shunt (fixed) capacitor on BUS
Shunt (fixed) capacitor on 33kV side of Tx
Total (summated) load, all BUSes
Load fraction (7. of peak load)

COMMON /BUSDATA/ NUMBUS,JJ3, E,PL,QL,QK,QK33,NAME,NOTE,PL«,
t
NINJ,C0MBU5 PSUM, FRLOAD, NUMMON, MONBUS, HCMAX
*
,ICHK3,NIH,AR.BCC.CI

SUBROUTINE IN DATA

INTEGER ISC(MAXBUS)
INTEGER A,B,C
KC0N=5 Read BUS data

900)
510 READ <1,520,ERR=9900)
»
NCHAN,
NBUS,
*
NONNAME,
I
ICHK,
I
J33,
NI,
P,

Beginning of looo over the buses
Should be blank
Bus number
Bus name
If non-zero, then monitor voltage
See note above
Load category assignment
•

Q,

SCON,
BC33,

A,
B,
C

•
•

I Residential Load
7. Commercial Load
I Idustrial Load

520 FORMAT (I1,2X,I3.A8,I1,I4,3X,I1,2(F5.1,F6.1),3I3)
If requested, print out the bus data
IF ( LIST.6T.2)
* WRITE (7,530) NCHAN,NBUS,NOWNAHE,ICHK,J33,NI,P,Q.QCDN,QC33
+ ,A,B,C
530 FORMAT (1X,I1,2X,I3,A8,I1,I4,3X,11,2IF5.1,F6.1),313)
IF ( NBUS.EB.999 ) 6DT0 10 ! End of bus data, go read next control
number
NUMBUS = NUMBUS + 1 ! Increment number of buses
! Check if there are too many buses
IF ( NUMBUS.6T.MAXIUS-1 ) THEN
WRITE (6,530) NCHAN,NBUS,NQHNANE,ICHK,J33,NI,P,0,BC0N,QC33
+ ,A,B,C
WRITE (6,540) MAXBUS-1
IF ( LIST.6T.0 ) THEN
IF ( LIST.LT.3 )
f WRITE (7,530) NCHAN,NBUS,N0WNAME,ICHK,J33,NI,P,fl,SC0N,BC33
«• ,A,B,C
WRITE (7,540) MAXBUS-1
END IF
540
FORMAT (' Too many buses, limit = ',15)
!
Increment error count
NERR = NERR • 1
END IF
Check on the sequence of the bus numbers (should be in numerical order)
l 1st character should be a blank
IF ( NCHAN.NE.O .OR. NBUS.NE.NUMBUS I THEN
WRITE (6,530) NCHAN,NBUS,NQWNAME,ICHK,J33.NI,P,B,fiC0N,flC33
<• ,A,B,C
WRITE (6,550) NCHAN.NBUS,NUMBUS
IF ( LIST.6T.0 ) THEN
IF ( LIST.LT.3 )
n nM,
• WRITE (7,530) NCHAN,NBUS.N0WNAME.ICHK,J33.N!,P,Q,BLON,BC3J
t ,A,B,C
WRITE (7.550) NCHAN.NBUS.NUMBUS

END IF

-Store the data for this bus nuiber
DANE I NUMBUS ) = NOMAHE
E( NUHBUS )
=V
PLl NUHBUS ) = P

psun

=psun

BLI NUHBUS ) =
K( NUHBUS ) =
0KJ3I NUHBUS ) =
(IH i NUHBUS ) =
AR (NUHBUS)= fl
BCC (NUHBUS) = B
CI (NUHBUS) = C

+p

9
QCDN '
QC33
HI

ICHK3(NUHBUS) = ICHK

NUHHON is a nuiber assigned to each BUS to be mnitored.
Ultiiatelv it berates the total nuiber of such BUSes.
NUHHON = NUHHON + 1 ! Incre«net nuiber of ionitored buses
HONBUSI NUHHON ) = NUHBUS
! Keep nuiber of bus which will
be the HQHHON'th to be ionitored
HCHftJl NUHHON ) = FLOAT* ICHK ) ! Keep relative liiit at this bus
PLH ( NUHHON )=P

END IF

SOTO 510

! Bo read data for the next bus
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Appendix F

Phase Angle of The Harmonic Voltage Distortion Level Due to
Phase Shift of The Network

The difference in phase angles of the harmonic voltage distortion level
various harmonic sources are due to the phase shift of the network. This
phase shift arise if there are a large number of system shunt capacitors in the
network. To illustrate this, consider the simple circuit of Figure F.1 . With
typical values as shown below, the phase angle of voltage at 132 K V bus
(V132) is different from the phase angle of harmonic voltage at the 11KV (V11)
by nearly 45°. This phase angle difference was obtained for typical system
parameters as shown below:

The system data in p.u at 50HZ and 100MVA base.

(1) l=0.02p.u
(2) ZL=1.72+j0.4(55MVA load)
(3) Zeq=0.57+j0.182(150MVA other equivalent load)

(3) Transformer impedances*:

-33/11 KV=0.04+j0.3p.u (55MVA T/F)
-132/33 K V = 0.007+j0.075p.u (200MVA T/F)

(4) ZC=-j1-65(60 MVAr)
(5) ZL=j0.02p.u

Appendices

2Q1

•Transformer data was obtained from the following general formula:

a)33/11 KV
R1 = 0.04 / G
Xi = H A R M * 0.15 /G
b)132/33KV
R1 = ( 0.84 + 0.16 * H A R M ) * H A R M * 0.0034/G
Xi = H A R M * 0.143/G
Where:
G : Maximum active load at bus in p.u.
H A R M : harmonic order

V132

132/33

33/11

V11

-^KII>rT^>-i
zs
o
N

oJ J

N

N

©

Figure F.1: Single line diagram of the circuit
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Appendix fi

Non-linear Equations for Constrained and Unconstrained Current

Assume that the harmonic current injection level of a system is obtai
well known relationship of:
I=[Y]V

(1)

Writing the matrix form in terms of individual components for each harmonic
order:

\2za2

.'m^am.

'Yii^yn,Y 12 zy 12 ,

,Ylmzylm

^1X^2X^22^122,

'Y2mzy2m

_ M m z y i m > ' 2 m z y 2 m ' " - Y m m ^ ymm

v 2 zp 2

(2)

vm4m

The above equations can be written in terms of real and imaginary part

h cosai=YiiVicos(yii+pi)+Yi2V2COS(y12+P2)+ Y1 mVmCos(yi m+pm)
H sina-|=Yi-|Vi sin(yii+Pi)+Y-|2V2 sin(yi2 +p2)+

YimVmsin(yim+Pm)

0
l m cos a m = Y m i Vicos(ymi+Pi)+Ym2V2 cos(ym2+p2)+
l m sin ai= Y m iVi sin(ymi+pi)+Ym2V2 sin(ym2 +P2)+

Y m m V m cos(ymm+pm)
Y m m V m sin(ymm+3m)

Appendices
•

.

307

A set of "2m" equations for a system with "m" nodes can be written. In these
equations the following parameters and variables are known:

-Magnitude of V: Harmonic voltage limit at each voltage level.
-Magnitude and phase angle of Y: Admittance of the network for each
harmonic.
-Phase angle of current "a " : The phase angle of the fundamental system
voltages at the location of harmonic sources. It is also c o m m o n to assume that
the phase angle of all harmonic current sources are equal to zero with respect
to absolute reference.

The following variables are unknown:
-Magnitude of I: Permissible harmonic current injection
-The phase angle of harmonic voltage "P".
The solution of above equations are the s a m e as a normal load flow except
that the known and unknown variables have been exchanged.
These equations can be written in terms of system impedance instead of
system admittance:
V = [Z] I

(4)

Writing in terms of real and imaginary parts as before:
Vi cos Pi = Zi 1 Hcos(zi 1 +ai) +Zi2I2 cos(zi2+a2)+
V1 sinp-|=Ziili sin(zn+ai)+Zi2l2sin(zi2+a2)+

Z1 m l m cos(zi m +a m )

Z i m l m sin(zim+am)

(5)

V m cos p m = Zmilicos(zmi+ai) +Z m 2l2 cos(zm2+a2)+...-Zmrnlm cos(z m m +a m )
V m sin p m = Z m i h sin(zmi+ai)+Zm2l2sin ( z m2 +a2)+

Z m m l m sin(z mm +a m )

The known and unknown parameters are the same as the admittance form.

Appendices
The solution of the above equations are required for harmonic currents.
Consequently the phase angle will be deleted by squaring each equation and
adding relevant equations. This will result with "m" instead of "2m" equations.
The resultant equations will be as follows:
Vi 2=[Zi 11 -i cos(Z1 <[ +ai) +Z^ 2l2 COS( Z 1 2 +a 2 )+
[Zi 1 h sin(zi 1 +ai )+Zi 2<2 sin(zi 2 +a2)+

Zy m l m cos(Z1 m +a m )] 2 +
Zi m l m sinfa m + a m ) ] 2

(6)

Vm2 = [Zmilicos(zmi+ai) +Zm2l2 cos(zm2+a2)+ Zmmlm cos(zmm+am)]2+
[Zmili sin(zmi+ai)+Zm2l2 sin(zm2 +ct2)+

Z m m l m sin(z mm +a m )] 2

Define the known parameters as:
ai1=Zlicos(zn+ai) ! a21=Zi2C0s(zi2+a2)

a1m=Zi m cos(zi m +a m )

GO

am1=Zm1cos(zm-|+ai)

t

a2m=Zm2 cos(zm2+a2),.. amm=Zmmcos(zmm+am)

In general equation (7) can be expressed as :
a n k = Znk cos (znk+ak)
where n, k= 1

(8)

m

For "sin" terms similar variable can be defined as :
b n k = Znk sin (znk+<*k)
The "m"

(9)

equations for solution with Newton-Raphson Technique can be

defined as :
fl(l) = (aiiH+ai2l2+

aimlm)2 + (bnli+bi2l2+

bimlm)2-vi2
(10)

frnO) = (aml'l+am2l2+ ammlm)2 + (bml'l+bm2l2+ bmmlm)2-Vm2
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In general it can be written as:
k=m
k=m

W I N I^nklk )2+( S(bnklk)2-Vn2
W h e r e n=1

k=1
m

(11)

k=1

The elements of the Jocobian Matrix can be written as:
^=2aim(aiili+ai2l2+

aiml m ) + 2 b i m (biili+bi2l2+

bimlm)

(12)
dfm
-jP~ = 2 a mm(anli+ai2l2+

m
In general form :

^jP=2a n k(anlll+an2l2+

aimlm) + 2 b m m (bnM+bl2'2+

a n m l m ) +2b n k (t>n1 H +bn2l2+

bimlm)

bprn'm)

03)

or:
j^
k=m
k=m
2
-^ = 2a n k lank'k + bnk Zbnk'k
d|
k
k=1
k=1

where : n =1

(14)

m

Several methods exist to solve above non-linear equations. The NewtonRaphson algorithm is one of methods for finding roots of polynomials
(Appendix H ). It is well known, widely used, and has quadratic convergence
if the initial estimate is close to the solution.

APPENDIX

H

Following is the formulation of an algorithm for solving non linear equations by
Newton-Raphson Technique.
Consider a system of "n" nonlinear equations "fj "in "n" variables "xj\
fl(xi,x2,

x n )=0

f2(xi,x2

,xn)=0
(1)

fn(xi,x2

x n )=0
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Denote the vector of variables by "X" and the vector of functions by "F". Then the
above equation has a compact form of:
F(X)=0

(2)

Assume that the system has a solution, denote it by "X* " and expand each
function in a Taylor series about "X":
fl(X*)=fi(X)+^r(xi*-xi)+-^(x2*-X2) +...+^(xn*-xn) +...
dfo
df?
dfo
f2(X*)=f2(X)+-^-(x1*-xi)+-5^(x2*-x2) + ... + ^(x n *-x n ) +...
(3)
fn(X*)=fn(X)+^-(xi *-xi )+^(x 2 *-x 2 ) +...+^x n *-x n )
Assuming that "X" is close to "X*", then higher order terms m a y be neglected and
the system m a y be written in linearized form:
(4)

F(X*)=F(X)+M(X*-X)
Where
df,

M=

dx! d x 2

dxr

df 2 df 2
dXj d x 2

df,
dx r

A
dx,kl Udx2

df,
Udx,
A
nJ

(5)

This is the Jacobian Matrix of the function "F". If w e set equation ( 4 ) equal to
zero and solve, the result will not be the vector "X*". (because the highest-order
terms have been neglected) but s o m e n e w value for "X". Using superscripts to
indicate iteration sequence w e have
F(Xk)+M(Xk+1-Xk)=0

(6)

The solution of the above equation is obtained by writing:
Xk+1=Xk-M""lF(X k )

(7)

Appendices
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In practice the Jacobian matrix is not inverted, instead, define:
AXk =xk+1-xk

(8)

Then
M A X k = -F(xk)

(9)

This is solved by LU factorisation and the new xk+1 is obtained from
Xk+1=xk+AXk

(10)

equations (8-9) represents the Newton-Raphson algorithm for a system of
"m"equations. The algorithm has fast convergence but it needs to evaluate the
Jacobian Matrix.
The purpose of the N-R iteration is to reduce the error norm so that
F(xk+1)<F(X k )

(11)

Since this m a y not result automatically at each step, a modification of the form
xk+1=xk+tkAXk
is used ( 0<tk<1)

(12)

Appendices
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Appendix I
Table 1.1: Line and transformer data of the'6 bus system (bus 0: reference)

BUS NUMBER

BUS NUMBER

R* (P-u)

X*(p.u)

3

0

0.08

0.37

2

1

0.73

1.05

1

4

0.285

0.64

5

0

0.123

0.518

3

5

0.097

0.4

2

3

0.0

0.133

4

5

0.0

0.3

*(MVAR)base =1000.0, (transformer taps,m1=m2=1)
Table 1.2 : The size of non-distorting loads

Load in p.u *

Load impedance

(MW+JMVAR)

5th harmonic

1

0.55+0.13j

1.72+2J

2

0.5+0.05J

1.98+1J

4

0.3+0.18j

2.45+7.25J

Bus Number

'(MVAR)base = 1000.0

Figure 1.1: Single line diagram of the 6 bus system (bus o is reference bus)
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